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Abstract
Lithium-sulfur (Li-S) and sodium-sulfur (Na-S) batteries hold great promise for sustainable and
cost-effective energy storage due to their overwhelming advantages of high theoretical capacity,
low cost, and resource abundance. Up to now, enormous efforts are invested in developing reliable
cathode, separator, electrolyte, and safe anode. Nevertheless, it remains a great challenge to
achieve high capacity and cycling stability. On one hand, the low conductivity of S and the
sluggish kinetics of between Li/Na and S hinder the practical capacity and S utilization. On the
other hand, the polysulfide intermediates show complicated behaviours in ether and carbonate
ester electrolytes. These problems cause fast capacity fading and rapid loss of active materials in
both Li-S and Na-S batteries. In this doctoral thesis, we develop metal–organic frameworks
(MOF) -based derivatives to not only enhance the cycling performance in Li-S and Na-S batteries
but study the electrochemical behaviour in ether and carbonate ester electrolytes. It is worth noting
that MOF-based derivatives obtain porous space for storing S and improved conductivity via
carbon skeleton. Significantly, various metal doping in carbon framework shows potential
catalysis toward polysulfide conversion. These benefits render MOF-based derivatives various
promising applications in Li-S and Na-S batteries.
In the first work, we employ a facile and general vacuum-filtration approach to coat hierarchical
MOF derived Co-C polyhedrons onto traditional separator for Li-S batteries. Lithium polysulfides
(LiPSs) can dissolve in ether electrolyte, in which solvated LiPSs can freely shuttle to Li anode
causing self-discharging. The resultant condensed separator with Co-C coating can effectively
confine the shuttle effect via decreasing the pore size of commercial separator from 200-300 nm to
2.2-10 nm. In spite of physical confinement, the embedded Co nano-nodes in Co-C polyhedrons
are capable of capturing LiPSs via strong chemical adsorption of solvated LiPSs. By these
advantages combined with the rapid Li-ion transport through the intragranular pores between the
Co-C polyhedrons, a sulfur-rich cathode (72% sulfur) has achieved outstanding performance when
using the Co-C@separator, delivering decent cycling stability (675 mAh g-1 after 300 cycles at 0.1
A g-1) and high rate performance (401 mAh g-1 after 600 cycles at 1.0 A g-1). This approach serves
as a facile strategy for remedying the shuttle phenomenon in Li-S batteries.
In the second work, we construct an electro-catalysing S cathode, which consists of porous coreshell structure and multisulfiphilic sites. The flexible MOF-based structure effectively buffers
volume changes during cycling and provides enclosed spaces to store S 8 with exceptional
conductivity. Significantly, the multisulfiphilic sites (ZnS and CoS2) enhance catalysis toward
multistep S conversion, which effectively suppresses long-chain polysulfides dissolution and
improves the kinetics of short-chain polysulfides. Thus, the obtained S cathode achieves an
enhanced cycling performance (570 mAh g-1 at 0.2 A g-1 over 1000 cycles), decent rate capability
(250 mAh g-1 at 1.0 A g-1 over 2000 cycles), and high energy density of 384 Wh kg-1 in carbonate
ester electrolyte for Na-S batteries.
In the third work, A novel sulfiphilic host is reported with single Co atoms (Co 1) and ZnS
quantum dots (ZnS-QDs) (~10 nm) grown in N-doped carbon microparticles. The introduction of
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Co cations into the precursor is crucial, because it leads to the dispersion of single-atom Co on the
carbon matrix, decreasing the size and improving the dispersion of the resultant ZnS-QDs as well.
Benefitting from the resilient and stable carbon framework, the single-atom Co and small ZnSQDs synergically electro-catalyse the S redox process, which can greatly enhance sodium
polysulfide conversion and reduction of non-conductive Na2S. Besides, a solid-solid conversion
between S and Na2S is visualized via in-situ TEM. The refined S cathode achieves remarkable
cycling capability (640 mAh g-1 after 500 cycles at 0.1 A g-1), enhanced capacity retention, and
outstanding energy density (541 Wh kg-1), giving it great promise for scientific research and
practical applications.
In the fourth work, we report influence of two different electrolytes, carbonate ester and ether
electrolytes, on the S redox reactions in Na-S batteries. Two S cathodes with different S loading
ratio and status are investigated. A sulfur-rich composite with most S dispersed on the surface of
a carbon host can realize a high loading ratio (72% S). In contrast, a confined S sample can
encapsulate S into the pores of the carbon host with a low loading ratio (44% S). In carbonate ester
electrolyte, only the S trapped in porous structures is active via solid-solid behaviour during
cycling. The S cathode with high surface S shows poor reversible capacity because of the severe
side reactions between the surface polysulfides and the carbonate ester solvents. To improve the
capacity of the sulfur-rich cathode, ether electrolyte with NaNO3 additive is explored to realize a
solid-liquid S redox process and confine the shuttle effect of the solvated polysulfides. As a result,
the sulfur-rich cathode achieved high reversible capacity (483 mAh g-1), corresponding to a
specific energy of 362 Wh kg-1 after 200 cycles.
In summary, this thesis focuses on using MOF-based derivatives to study the electrochemical
behaviours of sulfur in ether and carbonate ester electrolytes for Li-S and Na-S batteries. The
porous and conductive structure derived from MOF is important to improve the conductivity and
sluggish kinetics of S, while the interior metallic catalysts can catalyse the polysulfide
intermediates. These advantages illuminate the promising applications of MOF-based derivatives
in Li-S and Na-S batteries. By employing the MOF-based derivatives, we further study the S
redox mechanism in ether and carbonate ester electrolytes. These findings shed light on the future
commercialization of Li-S and Na-S batteries.
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Figure 4.2 (a) Representative image of Co-C@separator; (b) and (c) SEM images of surface and
cross-section, respectively, showing the porous Co-C polyhedrons constructing a dense layer on
separator. (d) and (e) STEM images of Co-C polyhedrons. (f) STEM image of surface dispersion
of Co-C polyhedrons. (g) HRTEM image of the surface dispersion on a Co-C polyhedrons. (h)
EDS mapping of the Co-C polyhedrons.
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staying for 2 s.
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Figure 4.7 (a)-(d) STEM images of the cathode materials; (e) EDS mapping of the cathode
materials, in which there are mainly 4 elements: C, N, O, and S; (f) calculation of the EDS
spectrum shows that S accounts for over 70 % of the total mass.
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Figure 4.8 TGA curve of the cathode material, showing that the mass of sulfur accounts for 72 %.
Figure 4.9 (a) Cycling performance at 0.1 A g-1, (b) cycling performances at 1.0 A g-1, and (c) rate
performances of S cathodes with Co-C@separator, C@separator and pristine separator. (d) EIS
spectra of S cathodes with Co-C@separators, C@separator and pristine separators, with the inset
showing the equivalent cirucuit used to interpret the results. (e) Charge-discharge profiles of the S
cathode with the Co-C@separator. (f) CV profile for the Co-C@separator at different scanning
rate.
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Figure 4.11 Cycle performance of coin cells with different S loading of electrode under the same
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Figure 4.12 Cycle performance of coin cells with different dose of electrolyte with modified CoC@separator in 4 μm thickness and 2 mg cm-2 S loading in each electrode at current density of 1.0
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Figure 4.13 Cycle performance of coin cells with different thickness of modified Co-C@separator
in 2, 4 and 6 μm thickness. 20 μL electrolyte and 2 mg cm-2 S loading are applied in each electrode
tested at current density of 1.0 A g-1.
Figure 4.14 Charge-discharge profile of the S cathode with the pristine separator.
Figure 4.15 CV curves for the Co-C@separator at 0.1 mV s-1.
Figure 4.16 CV profile for the pristine separator at different scanning rate.
Figure 4.17 (a-c) Linear fits of the Ip/V1/2 at C1, C2 and A1 peaks for the pristine separator and
Co-C@separator; (d) Corresponding slope value of I p/V1/2.
Figure 4.18 (a) XRD spectra and (b) Raman spectra of Co-C polyhedrons which were stripped
from Co-C@separator when the coin-cells were in the pristine state, discharged to 1.7 V, and
charged to 2.8 V. (c) Li 2p, (d) Co 2p and (e) S 2p regions of XPS spectra when the half coin-cells
were in the pristine state, discharged to 1.7 V, and charged to 2.8 V.
Figure 4.19 Simple device is formed by filling a bottle withLi2S6 electrolyte, covering it with a
separator, and tightening on the bottle cap, which has a hole bored through it.
Figure 4.20 Visualization of the polysulfide diffusion using (a) the pristine separator and (b) the
Co-C@separator. (c) UV-vis spectra of the electrolyte after 30 min after the conversion to Li 2S6.
(d) STEM images and (e) elemental mapping of the Co-C polyhedrons of Co-C@separator after
500 cycles at 1.0 A g-1. (f) HRTEM of surface dispersion of Co-C polyhedrons from the CoC@separator after discharge to 1.7 V.
Figure 4.21 Blank Li2S6 solution, Li2S6 solution with C polyhedrons, and Li2S6 solution with CoC polyhedrons l (a) before and (b) after 30 mins; (c) UV-vis spectra of the Li2S6 solution after
contacting the C polyhedrons and Co-C polyhedrons for 30 mins.
Figure 5.1 Schematic illustration of the synthesis: after the construction of the core-shell structure,
the Core-shell ZC is thermally treated with S to generate a sulfur-rich core-shell cathode material
with the catalysts ZnS and CoS2.
Figure 5.2 Representative electron microscope images: (a) SEM and (b) TEM images of the
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details of Core-shell ZC. (c) HRTEM and (d) HAADF images of a particle of Core-shell ZC. (e)
HRTEM image of a Core-shell ZCS@S. (f) HAADF image of the surface dispersion on the core
of ZCS@S (magnification of the white square in Figure 5.2e). HRTEM image of Figure 5.2f to
show the crystalline structures of (g) crystalline ZnS and (h) crystalline CoS2, as indicated by the
corresponding SAED patterns in the insets. (i) EDS mapping of Core-shell ZCS@S.
Figure 5.3 SEM of carbonized Zn-MOFs and Core-shell Zn (a-c); (d-f) SEM of carbonized CoMOFs and Core-shell Co.
Figure 5.4 (a) SEM of carbonized ZC-MOFs; (b) SEM of Core-shell ZC; (c) STEM of Core-shell
ZC; (d) EDS of Core-shell ZC.
Figure 5.5 (a) BET Surface Area of Core-shell Zn, ZC and Co: 452.1264 m² g-1, 435.2218 m² g-1
and 366.8332 m² g-1; (b) Total porous area Core-shell Zn: 282.236 m² g-1, ZC: 284.311 m² g-1, Co:
276.649 m² g-1.
Figure 5.6 (a,b)STEM of the Core-shell ZCS@S;(c) HAADF of Core-shell ZCS@S.
Figure 5.7 Calculation of different element in Core-shell ZCS@S based on their elemental
intensity that S, C, Zn, Co, N and O accounts for 66%, 15%, 7.3%, 7.2%, 2% and 2.5%,
respectively.
Figure 5.8 Calculation of different element in Core-shell CoS2@S based on their elemental
intensity that S, C, Co and N accounts for 66.7%, 15.4%, 14.2% and 3.7%, respectively.
Figure 5.9 Calculation of different element in Core-shell ZnS@S based on their elemental
intensity that S, C, Zn, N and O accounts for 61.4%, 16.8%, 15.8%, 4% and 2%, respectively.
Figure 5.10 Characterization of Core-shell S cathode: (a) XRD spectra, (b) Raman spectra, (c)
TGA curves for Core-shell ZnS@S, ZCS@S and CoS2@S. (d) S 2p region (e) Zn 2p region and
(f) Co 2p region in the XPS spectra. (g) Co region and (h) Zn region of K edge XANES spectra for
Core-shell ZC and ZCS@S.
Figure 5.11 XRD spectra of carbonized Zn-MoFs, ZC-MOFs and Co-MOFs.
Figure 5.12 XRD spectra of the Core-shell Zn, ZC and Co.
Figure 5.13 Raman spectra of the Core-shell Zn, ZC and Co.
Figure 5.14 XRD patterns of pristine ZnS@S, ZCS@S and CoS2@S sulfuration at 300° without
core-shell structure.
Figure 5.15 XRD for sulfuration of Core-shell ZCS@S at the temperature of 350 °C, 400 °C and
600 °C for 2 h. The intensity of ZnS and CoS2 goes stronger as the rising temperature.
Figure 5.16 TGA of ZnS@S, CoS2@S and ZCS@S without core-shell structure.
Figure 5.17 FT-IR spectroscopy of the Core-shell ZnS@S, CoS2@S and ZCS@S.
Figure 5.18 XPS spectra for the Core-shell Zn and Core-shell ZnS@S in Zn 2p region.
Figure 5.19 XPS spectra for the Core-shell Co and Core-shell CoS2@S in Co 2p region.
Figure 5.20 Room-temperature sodium-sulfur battery test: (a) Cycling performances at 0.2 A g-1,
(b) cycling performances at 1.0 A g-1 and (c) rate performances of Core-shell ZCS@S, ZnS@S and
CoS2@S. (d) Charge-transfer resistance of Core-shell ZCS@S, ZnS@S, and CoS2@S at the 100th,
200th, and 300th cycle at1.0 A g−1. (e) First cycle charging voltage profiles of CoS2/Na2S,
ZnS/Na2S, and ZCS/Na2S electrodes. (f) Photographs (inset) and ultraviolet-visible spectra of the
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Na2S4 solution before and after exposure to CoS2, ZnS and ZCS. (g) The CV curves for Core-shell
ZCS@S at different scan rates. (h) Comparison of the rate capacities between this work with the
results previously reported for room-temperature sodium-sulfur batteries. (i) Energy density of
Core-shell ZCS@S tested in full-cell battery pack at current density of 0.1 A g-1.
Figure 5.21 Discharged/charged curves of Core-shell ZCS@S at the current density of 0.2 A g-1.
Figure 5.22 Discharged/charged curves of (a) Core-shell ZnS@S and (b) CoS2@S at the current
density of 0.2 A g-1.
Figure 5.23 Cycle performance of ZCS@S, CoS2@S and ZnS@S without core-shell structure at
current density of 0.2 A g-1.
Figure 5.24 EIS of (a) Core-shell CoS2@S and (b) ZnS@S and (c) Core-shell ZCS@S at the
100th, 200th and 300th cycle, (in-set) Randles equivalent circuit. (d) Resistance of the surface film
formed on the electrodes.
Figure 5.25 SEM images of the micro-structure of Core-shell ZCS@S after 100 cycles at the
current density of 1 A g-1.
Figure 5.26 (a) In-situ synchrotron X-ray diffraction patterns of Core-shell ZCS@S with the
initial galvanostatic charged/discharged curves at 0.2 A g −1. XPS spectra of Core-shell ZCS@S in
(b) S 2p, (c) Zn 2p and (d) Co 2p regions when half coin-cell charged/discharged to different
voltage.
Figure 5.27 DFT calculation results: Diagrams for the binding processes between polysulfide and
(a) ZnS (110) and CoS2 (100). (b) Corresponding binding energies. Calculations of energy states
of polysulfides on ZnS and CoS2 during (c) the discharging process and (d) the charging process.
Figure 5.28 Atomic structures of NayCoS2 at different sodiation levels by DFT calculations. The
black box indicates the unit cells for each system. The Na, Co and S atoms are shown in purple,
blue and yellow colors, respectively.
Figure 5.29 Atomic structures and binding energies of polysulfides adsorbed on the (100) surface
of Na0.5CoS2 by DFT calculations. The Na, Co and S atoms are shown in purple, blue and yellow
colors, respectively.
Figure 5.30 (a) The hybrid model consists of 2 × 4 unit cells for CoS2 (100) and 3 × 3 unit cells
for ZnS (110), and both two slabs includes 6 atomic layers. (b) Energy diagram for the diffusion of
Na2S species from Co2S to ZnS. The numbers indicate energies of transition state (TS) and final
state (FS) relative to initial state (IS).
Figure 6.1 Representative SEM image of (a) ZnS/C@S and STEM image of (b) ZnS/C@S; (c)
SEM image of Co1-ZnS/C@S and (d) STEM image of Co1-ZnS/C@S; (e) EDS mapping of Co1ZnS/C@S; (f) Co K-edge XANES spectra and (g) EXAFS spectra of Co foil, Co 1-ZnS/C@S and
CoS. The insets of (b) and (d) show the corresponding particle size distributions.
Figure 6.2 STEM images of C@S.
Figure 6.3 STEM images of ZnS/C@S.
Figure 6.4 (a) EDS mapping of ZnS/C@S. (b) Elemental calculations of ZnS/C@S that C: 9 % N:
4.3 % Zn: 12.7 % S: 74 %.
Figure 6.5 STEM images of Co1-ZnS/C@S.
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Figure 6.6 The doping of Co2+ which replaces part of Zn2+ and coordinates with 2methylimidazole.
Figure 6.7 the elemental calculations of Co1-ZnS/C@S that C: 12.1 % N: 3.9% Co: 1.8 % Zn: 8.3
% S: 73.9 %.
Figure 6.8 STEM images of Co1/C@S.
Figure 6.9 (a) EDS mapping of Co1/C@S. (b) Elemental calculations of ZnS/C@S that C: 19 %
N: 2.3 % Co: 2.1 % S: 76.6 %.
Figure 6.10 TGA test for Co1/C@S, Co1-ZnS/C@S and ZnS/C@S indicates sulfur account for 60
%, 65 % and 62 % in corresponding samples.
Figure 6.11 BET analysis confirms the specific area of Co1/C, Co1-ZnS/C and ZnS/C with 756,
1012 and 928 m2 g−1 respectively.
Figure 6.12 XRD confirms crystalline S (JCPDF: 04-012-1107) and planes of crystalline ZnS
(001), (101) and (110).
Figure 6.13 XPS of Co1-ZnS/C@S and ZnS/C@S in Zn 2p region.
Figure 6.14 XPS of Co1/C@S, Co1-ZnS/C@S and ZnS/C@S in S 2p region.
Figure 6.15 Raman spectra of Co1-ZnS/C@S.
Figure 6.16 FT-IR spectra of Co1-ZnS/C@S.
Figure 6.17 (a) Cycling performances at 0.1 A g-1 and (b) rate performances for C@S, Co 1/C@S,
ZnS/C@S, and Co1-ZnS/C@S. (c) Discharge/charge curves of Co1-ZnS/C@S at 0.1 A g-1. (d)
Cyclic voltammetry curves for Co1-ZnS/C@S at 0.1 mV s-1.
Figure 6.18 EIS and randles equivalent circuit of (a) Co1-ZnS/C@S and (b) ZnS/C@S.
Figure 6.19 Energy density of Co1-ZnS/C@S in the voltage range of 0.8-2.8 V materials at
current density of 0.1 A g-1. After 500 cycles, there is still 541 Wh kg-1 of energy density and its
retention reaches to 60.1 % after activation.
Figure 6.20 Discharge/charge curves of (a) Co1-ZnS/C at 0.1 A g-1 within voltage range from 0.8
to 2.8 V.
Figure 6.21 (a) In-situ synchrotron X-ray diffraction patterns of Co1-ZnS/C@S with the initial
galvanostatic charge/discharge curves at 0.5 A g−1. XPS spectra of Co1-ZnS/C@S in the (b) S 2p
and (c) Zn 2p regions when half coin-cells were charged/discharged to different voltages. (d)
Raman spectra of Co1-ZnS/C@S when the half coin-cells were charged/discharged to different
voltages. (e) Photographs (inset) and ultraviolet-visible spectra of the Na2S6 solution before and
after exposure to C and Co1-ZnS/C. (f) STEM images of the Co1-ZnS/C@S after 500 cycles. (g)
Density functional theory (DFT) calculation results for NaPSs and ZnS (110).
Figure 6.22 (a) EDS mapping and (b) element distribution of Co 1-ZnS/C@S after 500 cycles.
Figure 6.23 (a)-(d) images of separator in C@S, Co1/C@S, ZnS/C@S and Co1-ZnS/C@S
electrodes after 500 cycle.
Figure 6.24 (a) Co K-edge XANES spectra of the Co1-ZnS/C@S sample. (b) Fourier transform
[k3 χ(k)] of the phase-uncorrected EXAFS data of Co1-ZnS/C@S and its fitting result. (c) The
coordination model between Co atom and N on carbon layer based on the fitting result.
Figure 6.25 (a) Comparison of binding energies of polysulfides on ZnS (110) and Co1@NG. (b)
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Local density of states (LDOS) for ZnS (110) and Co1@NG. The black dashed line indicates the
Fermi level. Co1@NG was modelled by a single Co atom bonding with two N atoms embedded in
the divacancy of graphene monolayer, which is based on our experimental XAS fitting that Co−N
coordination number is about 2.
Figure 6.26 Top panels: atomic structures of polysulfides adsorbed on Co 1@NG. Bottom panels:
comparison of energy diagrams of charging/discharging processes on ZnS (110) and Co1@NG.
Our results show that the Co single atom provides moderate binding energies for the polysulfides,
resulting in a low charging potential of only 0.91 V, even lower than that of ZnS (110) (2.64 V).
Figure 6.27 In-situ TEM images of Co1-ZnS/C@S during (a) sodiation and (b) desodiation
processes. (c) In-situ SAED patterns of Co1-ZnS/C@S at various state.
Figure 6.28 Schematic representation for the in-situ TEM configuration.
Figure 7.1 (a) Schematic illustration of the 155S. (b) SEM images of the 155S. (c) STEM image
of the 155S. (d) EDS mapping of the 155S. (e) Schematic illustration of the 300S. (f) SEM image
of the 300S. (g) STEM image of the 300S. (h) EDS mapping of the 300S.
Figure 7.2 (a) XRD patterns of the 155S and 300S. (b) TGA curves of the 155S and 300S. (c)
BET isotherms of the pristine carbon host, 155S, and 300S. (d) Pore dispersions of the pristine
carbon host, 155S, and 300S.
Figure 7.3 Pore distribution of pristine carbon host.
Figure 7.4 (a) Cycling performances of the Li-S batteries based on 155S and 300S at 0.1 A g-1;
Discharge/charge curves of (b) the 155S and (c) the 300S at 0.1 A g-1.
Figure 7.5 Images of disassembled battery cells with (a) 155S electrode and (b) 300S electrode.
Figure 7.6 CV curves for (a) the 155S and (b) the 300S at different scan rates.
Figure 7.7 Linear fits of the Ip/ν1/2 for (a) the A1 and (b) the C2 peaks for 155S and 300S. (c)
Corresponding slope values of Ip/ν1/2 for 155S and 300S at the A1 and C2 peaks.
Figure 7.8 (a) RT Na-S battery cycling performances of the 155S and 300S samples at 0.1 A g -1 in
carbonate-based electrolyte. (b) Discharge/charge curves of the 155S at 0.1 A g-1. (c)
Discharge/charge curves of the 300S at 0.1 A g-1. (d) CV curves for the 155S at 0.1 mV s-1. (e) CV
curves for the 300S at 0.1 mV s-1. (f) EIS spectra of the 155S electrode, with the inset equivalent
circuit used to interpret the results.
Figure 7.9 Rate performances of the 155S and 300S electrodes in carbonate ester electrolytes.
Figure 7.10 Image of NaNO3 dispersed in TEGDME, DOL/DME, and EC/DEC electrolytes with
1 M NaClO4. NaNO3 could only dissolve in TEGDME.
Figure 7.11 (a) Discharge/charge curves of the 155S in ether electrolyte with NaNO3 additive. (b)
Corresponding CV curves of the 155S in ether electrolyte with NaNO3 additive. (c) Corresponding
EIS spectra of the 155S in ether electrolyte with NaNO3 additive. (d) Cycling performances of the
155S at 0.1 A g-1 based on the mass of sulfur in ether and carbonate electrolyte. (e) Rate
performance of the 155S at 0.1 A g-1 based on the mass of sulfur in ether and carbonate
electrolyte. (f) Schematic illustration of the mechanism in ether and carbonate electrolyte for the
sulfur on the surface (155S) and the sulfur in the pore of cathode host (300S).
Figure 7.12 Cycle performance of the 155S electrode in TEGDME electrolyte with NaNO 3
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additive at the current density of 3.0 A g-1.
Figure 7.13 Cycle performance of the 155S electrode in TEGDME electrolyte with 0.05, 0.1 and
0.2 M NaNO3 additive, at the current density of 0.1 A g-1.
Figure 7.14 Cycle performance of (a) the 155S electrodes and (b) the 300S electrodes with S
content of 1 mg cm-2, 2 mg cm-2 and 3 mg cm-2 in TEGDME with NaNO3 additive.
Figure 7.15 Cycle performance of the 155S electrodes with 2 mg cm-2 sulfur, in 20 μL mgs-1 and
4.5 μL mgs-1 TEGDME electrolyte at 0.1 A g-1, respectively.
Figure 7.16 (a) Voltage-capacity profiles and (b) CV profiles of the 300S electrode in TEGDME
with 1 M NaClO4 and 0.2 M NaNO3 additive. (c) Cycling performance and (d) energy density of
the 300S electrode in TEGDME with 1 M NaClO4 and 0.2 M NaNO3 additive.
Figure 7.17 Cycle performance of the 300S electrode in 1.0 M NaClO 4 and 0.2 M NaNO3
TEGDME electrolyte with/without 5 wt % FEC additives at the current density of 1.0 A g-1.
Figure 7.18 Voltage-capacity profiles for the 155S electrode in TEGDME electrolyte without
NaNO3 additive at current density of 0.1 A g-1.
Figure 7.19 (a) Cycle performance and (b) rate performance of the 155S in TEGDME with or
without NaNO3 additive based on the mass of sulfur. (c) Energy density of the 155S at 0.1 A g -1
based on the total mass of the electrode (including carbon black and binder).
Figure 7.20 (a) Photographs (inset) and UV-vis spectra of 155S and 300S dispersed in ether
electrolyte and stirred with Na metal for 5 min. (b) XPS spectra of the Na metal after cycling with
the 155S electrode in ether electrolyte for 200 cycles for the Cl 2p. (c) XPS spectra of the Na
metal after cycling with the 155S electrode in ether electrolyte for 200 cycles for the O 1s. (d)
XPS spectra of the Na metal after cycling with the 155S electrode in ether electrolyte for 200
cycles for the S 2p regions. (e) SEM images and EDS mappings of the Na metal after 200 cycles
with the 155S in ether electrolyte with NaNO3 additive. (f) SEM images and EDS mappings of the
Na metal after 200 cycles with the 155S in ether electrolyte without NaNO 3 additive.
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Chapter 1
1. Introduction
1.1. Research Background
Electrical energy-storage systems constitute a vital substitute for fossil fuel, which is important to
reduce emissions of greenhouse gases.1-8 With the demand for sustainable and portable energy
devices, electrical energy-storage systems grown quickly in the last fifty years and reached a
milestone in the 1990s with the availability of commercial lithium-ion battery.9-12 The lithium-ion
battery is one of the most prevalent energy-storage systems for portable electronics and electric
vehicles,13-14 although the increasing cost and scarcity of electrode elements (such as Co, Ni)
remain a drawback for large-scale energy storage.15-17 In addition, the energy density of the Li-ion
battery is not sufficient. The combination of these issues have stimulate researchers to find novel
battery systems with lower cost and higher energy density. 18-22 In this regard, Li-S and Na-S
batteries are considered as promising candidates as electrical energy-storage systems because of
their low-cost S and high theoretical energy density.23-27
For conventional Li-S and Na-S batteries, solid Li/Na metal and S/C composite work as the
anode and cathode, respectively, with a membrane separator. Liquid electrolytes consisting of
organic solvents and dissolved Li/Na salts ensure ionic transportation between the cathode and
anode. Compared to Na-S batteries (1274 Wh kg-1), Li-S batteries have higher theoretical energy
density of 2600 Wh kg-1. Over the past ten years, researchers have tried to optimize each part of
the battery cell, pursuing higher energy density to meet practical needs. So far, Li-S and Na-S
batteries are mainly composed of four parts: the anode, cathode, electrolyte, and separator.
Regarding the anode, Li/Na metal is widely applied as counter electrode to S cathode, although the
high chemical activity of Na metal arises significant safety concerns. To alleviate the safety issue,
Li/Na could be mixed with some other inert material or replaced by Sn-C anode which acts as
counter electrode to Li2S/Na2S cathode.28 It should be noted that the solid electrolyte interphase
(SEI) is in-situ grown on the surface of the anode during cycling, when Li/Na anode has side
reactions with the electrolyte. The SEI can significantly affect the cycling performance if Li/Na
dendrites penetrate through it, causing electrolyte consumption and even short-circuits. In some
studies, the growth of the SEI was controlled by means of constructing an artificial SEI layer on
Na anode. Others employed additives in electrolytes or explored novel solvents and sodium salts
to cooperate in the in-situ growth of the SEI. In this respect, the anode and the electrolyte are
closely related and play an important role in Li-S and Na-S batteries.

1.2. Objectives of the Research
In this thesis, four different MOF-based derivatives are developed to study the functions of
separator, cathode, electrolyte and SEI on Li-S and Na-S batteries. Electrochemical performance
and S redox mechanism are systematically studied. (1) MOF-derived Co-C polyhedrons is
employed to decorate traditional separator for Li-S batteries. The modified separator physically
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and chemically confines the shuttle effect of solvated polysulfide in ether electrolyte, therefore,
enhances the solid-liquid conversion between solid S and solvated polysulfide. (2) MOF-derived
host with core-shell structure is rationally designed as cathode material. In-situ XRD is applied to
study the chemical changes in the cycling of Na-S batteries, while ZnS and CoS2 catalysts are
developed to enhance the polysulfide conversion. (3) A MOF-derived Co1-ZnS host is constructed
with single Co atom and ZnS quantum dot, which synergically catalyse the NaPSs conversion. Insitu TEM further visualizes a solid-solid conversion between solid S and solid Na2S. (4) MOFderived carbon host is applied to study the electrochemical performance of two types of S: S
dispersed on the surface of carbon host (155S) and S stored into the pores of the carbon host
(300S), in ether electrolyte and carbonate ester electrolyte.

1.3. Thesis Structure
In this thesis, we develop MOF-based derivatives to not only enhance the cycling performance in
Li-S and Na-S batteries but study the electrochemical behaviour in ether and carbonate ester
electrolytes. It is worth noting that MOF-based derivatives obtain porous space for storing S and
improved conductivity via carbon skeleton. Significantly, various metal doping in carbon
framework shows potential catalysis toward polysulfide conversion. These benefits render MOFbased derivatives promising applications in Li-S and Na-S batteries.
Chapter 1 introduces the background of MOF-based derivatives in Li-S and Na-S batteries and
expounds the importance and significance of this work.
Chapter 2 reviews the recent progress on Li-S and Na-S batteries.
Chapter 3 presents the synthesis methods, as well as the structural and electrochemical
characterization techniques for MOF-based derivatives.
Chapter 4 presents MOF-derived Co-C polyhedrons coating on separator for Li-S batteries.
Chapter 5 studies MOF-derived host with core-shell structure as electroactive cathode for Na-S
batteries.
Chapter 6 presents MOF-derived Co1-ZnS host in S cathode for superior Na-S batteries.
Chapter 7 studies S redox mechanism of different S dispersion in MOF-derived carbon host
applied in ether and carbonate ester electrolytes.
Chapter 8 summarizes this thesis and gives some prospects for Li-S and Na-S batteries.
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Chapter 2
2. Literature Review
2.1. Li-S and Na-S batteries
Over the past ten years of, researches on Li-S and Na-S batteries have realized reversibility of
battery cell over 1000 cycles.29 The stable cyclability makes it promising to use Li-S and Na-S
batteries in our daily lives, such as for laptop computers, cell phones, etc. In this part, we list out
the S redox mechanism and current challenges on Li-S and Na-S batteries.

2.1.1. S redox mechanism
The typical S conversions in Li-S and Na-S batteries are shown in Figure 2.1. Elemental S reacts
with Li/Na converting to Li2S/Na2S during discharging in organic electrolyte. The overall
electrochemical charge transfer reaction at the cathode can be represented as below:
1. S8 + 16 Li+ + 16 e- → 8 Li2S
2. S8 + 16 Na+ + 16 e- → 8 Na2S

Figure 2.1 (a) Typical charging and discharging voltage profile of Li-S batteries. Reproduced with
permission.30 Copyright 2020, Wiley-VCH. (b) Typical charging and discharging voltage profile
of Na-S batteries. Reproduced with permission.31 Copyright 2020, Multidisciplinary Digital
Publishing Institute.

2.1.2. Current challenges
(1) Low S content and high electrolyte amount in each coin cell. High S loading is indispensable
for S cathode design. Research on Li-S batteries has demonstrated that they require S loading over
70 wt% in the cathode material, which is necessary to maintain sufficient energy density in the
battery cell. Regarding the typical electric vehicle design, the areal specific capacity of an Li-ion
battery is over 2 mAh cm-2.32 Now consider that the average voltage is 3.0 V for Li-ion battery but
2.0 V and 1.5 V for Li-S and Na-S batteries, respectively.33-34 The areal specific capacity of Li-S
and Na-S cells needs to be over 3 and 4 mAh cm-2 to match the energy requirements. Accordingly,
the S content has to reach at least 4 mg cm−2 (assuming that the practical capacity of S is 1000
mAh gs−1).35 As the areal S loading increases, the E/S ratio determines the practical energy density.
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Generally, when the E/S ratio is over 7 μL mg s-1, the liquid electrolyte accounts for more than 50
wt % of the whole cell.36 When increasing the energy density, the E/S ratio should be decreased by
the way of reducing the amount of liquid electrolyte in the battery cell. We can also replace the
liquid electrolyte with a hybrid or solid-state electrolyte, which is another strategy to reduce the
weight of the battery and improve the practical energy density.
(2) Poor conductivity of S and insulating Li2S/Na2S. Sulfur has low conductivity of 5 × 10-30 S cm1

, which results in sluggish kinetics and limited utilization of the active material. 23 This condition

will be more serious with high S content and a low amount of electrolyte, causing the practical
capacity to be much lower than the theoretical value. To improve the conductivity, carbon
materials are widely applied when constructing S cathode. During discharge, S turns into
Li2S/Na2S and leads to large volume expansion. The repeated volume variation of the electrode
leads to pulverization of the cathode and the detachment of S from the cathode conductive matrix.
It is difficult for the isolated Li2S/Na2S to be used in the following cycle due to the loss of
electrical contact, resulting in permanent capacity fade. In this regard, a porous host is required to
accommodate the volume changes of the active material and preserve the structural integrity of
cathode.
(3) High solubility of intermediate polysulfides in electrolyte. Polysulfides generated from
electrochemical reactions are soluble in most electrolytes. On the one hand, solvated polysulfides
can improve the reaction kinetics and S utilization because the continuous dissolution of
polysulfides allows the remaining S to be continuously exposed to the conductive matrix. On the
other hand, they also lead to some problems, including fast capacity loss and self-discharge
behaviour. Typically, driven by the concentration gradient force, the dissolved polysulfides can
shuttle to the Na anode where part of the polysulfides is reduced to insoluble Li 2S/Na2S and
deposited on the Li/Na anode, causing a loss of capacity and corrosion of the Li/Na metal. During
charge, the migrated polysulfides will shuttle back to the S cathode under the force of the electric
field, consuming extra energy and resulting in low Coulombic efficiency. This back-and-forth
process is well known as the shuttle effect.
(4) The use of metallic anode. Li metal and Na metal are ideal anode because of their high specific
capacity (3860 mAh g-1 and 1166 mAh g-1) and low reduction potential (-3.040 V and -2.714 V vs.
SHE).37 The use of metallic anode, however, is one of the most challenging aspects for the
commercialization of Li-S and Na-S batteries. Firstly, the formation of Li/Na dendrites induced by
an inhomogeneous distribution of current density on the surface and an ionic concentration
gradient at the electrode/electrolyte interface cause safety concerns due to the potential appearance
of short-circuits.37 Secondly, the repeated Li/Na plating/stripping process during cycling leads to
large volume changes and cracking of the Li/Na anode, resulting in the formation of inactive
“dead Li/Na”. Thirdly, metallic Li/Na is so reactive that it can spontaneously react with the
electrolyte to form a solid-electrolyte interphase (SEI). If the SEI is not stable enough, the side
reactions will continuously consume electrolyte and Li/Na metal. Last but not the least, the shuttle
effect of polysulfides can form a non-conductive layer on Li/Na surface, which increases the
impedance and has a bad influence on the cycling life of the battery cell.
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2.2. S cathode
In organic electrolytes, the cathode design has aroused tremendous interest due to the poor
conductivity of sulfur and chemical instability of polysulfides. When S is simply mixed with
carbon black as a cathode composite, Li-S and Na-S cells can barely be cycled in carbonate ester
electrolyte because of the serious side reactions between polysulfides and the solvent. Even in
ether electrolyte where polysulfides can stably exist, the cells found it difficult to run over more
than 10 cycles, since the solvated polysulfides could spontaneously shuttle to the Li/Na anode,
causing serious capacity loss. To achieve better cyclability, it is necessary to combine S with a
conductive and high-specific-surface-area host. High conductivity can improve the sluggish
kinetics of S, while a high specific surface area ensures sufficient S content loading in the cathode.
The microstructure of the host and the addition of catalysts have profound impacts on the S redox
reactions. These factors will be discussed below.

2.2.1. Cathode hosts
Cathode design is fundamental to achieve improved cyclability in Li-S and Na-S batteries. Due
to the porosity and large specific surface area, porous materials are widely applied to encapsulate
sulfur, which effectively anchor polysulfides. When designing porous materials, porous carbon is
a popular candidate, which not only possesses abundant porous space, but also high conductivity.
For Li-S batteries, porous carbon hosts can be fabricated from various precursors. Microporous
carbon (MPC) structures are widely applied as a good S host that can homogenously anchor
polysulfides. The reduced size of micropores confine S molecules into the carbon matrix in the
form of small S2-4 molecules instead of the large S8 molecules. This leads to a different
discharging profile from that of the S8 molecules. Xin et al. applied a new strategy to confine
metastable S2-4 molecules into the internal voids of a conductive MPC matrix. 38 Multi-walled
CNTs coated with a MPC layer were designed for S host. As shown in Figure 2.2a, the obtained
CNT@MPC realized a coaxial structure with a CNT core and a MPC sheath. Only small S2-4
molecules smaller than 0.5 nm can be accommodated in the micropores of MPC. The voltage
profile of S/(CNT@MPC) in Figure 2.2b shows a single discharging plateau at about 1.7 V. The
confined small S2-4 molecules avoid the detrimental conversion between S8 and S42- during
discharging process.

Figure 2.2 (a) TEM image of a CNT@MPC nano-cable. (b) Voltage profile of S/(CNT@MPC) at
0.1 C, Reproduced with permission.38 Copyright 2012, American Chemical Society.
For Na-S batteries, Yan et al. synthesized a hierarchical carbon matrix (FeS 2@NCMS/S) which
provided multiple sites for physical entrapment of polysulfides (Figure 2.3). 24
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Figure 2.3 (a) Representative electron microscope image of the FeS2@NCMS/S composite.
Reproduced with permission.24 Copyright 2020, Elsevier. (b) Representative electron microscope
image of MG-Co. Reproduced with permission.39 Copyright 2020, Royal Society of Chemistry. (c)
Representative electron microscope image of BPCS. Reproduced with permission.40 Copyright
2020, Springer Nature.

It was important that the interior space could be loaded with FeS2 catalyst, which exhibited a
strong affinity for sodium polysulfides, improving the cyclability. Regarding ether electrolyte,
polysulfides do not react with the solvent, but rather thoroughly dissolve in ether electrolyte. On
the one hand, the solvated polysulfides can improve the sluggish kinetics of sulfur. On the other
hand, the shuttle effect of solvated polysulfides significantly decreases the reversible capacity. In
this regard, it is important for the cathode host to provide a high specific surface area and strong
adsorption towards polysulfides. Yang et al. synthesized an MXene-based cathode with rGO and
Co nanoparticles (MG-Co).39 MXene and rGO provided high specific surface area for loading
sufficient S, while the Co nanoparticles offered strong adsorption toward solvated polysulfides.
This strategy is widely applied in cathode design for ether electrolyte. Similarly, Xu’s group
recently designed a hollow bipyramidal prism with CoS 2 catalyst as the efficient sulfur host
(BPCS).40 The hollow structure offered high specific surface area, while the CoS 2 catalyst
alleviated the shuttle effect of the solvated polysulfides. As a result, the hollow cathode delivered
reversible capacity of 545 mAh gs-1 at high S loading of 9.1 mg cm-2. According to these studies, it
is obvious that catalysts are popular in cathode design regardless of the microstructure of the
cathode host. In the following section, we will specifically study the function and type of catalyst
in carbonate ester and ether electrolytes.

2.2.2. Catalysts
Catalysts used to modify the cathode have different functions in carbonate ester and ether
electrolytes. In carbonate ester electrolyte, catalysts in the cathode are separated into two types,
depending on their bonding: catalytic adsorption and covalent bonds. For catalytic adsorption,
catalyst doping in C/S cathode has become a popular strategy in cathode design. On the one hand,
catalysts offer strong adsorption toward polysulfides, limiting their dissolution and side reactions
with carbonate ester solvents.
In Li-S batteries, Al Salem et al proposed the electro-catalysis of polysulfide transformation via
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metallic catalyst.41 Graphene which obtained high specific area, was chosen to support Pt
nanoparticles to increase the number of catalytic sites. Figure 2.4 shows the superior catalytic
effect of Pt/graphene composites, which significantly reduced the over-potential of the oxidation
and reduction peaks observed in CV profile compared to pristine graphene. Moreover, the
Pt/graphene cathode revealed a 40 % increase of capacity compared to pristine graphene.

Figure 2.4 (a) Synthesis of Pt/graphene and its interaction with polysulfides. (b) Voltage profiles
of graphene, Ni/ graphene and Pt/ graphene electrodes. Reproduced with permission. 41 Copyright
2015, American Chemical Society.
For Na-S batteries, Xu’s group recently designed a 3D “branch-leaf” biomimetic cathode, where
the leaves are constructed from Co nanoparticles on carbon nanofibers (Figure 2.5). 42 The carbon
nanofibers acted as conductive “branches” to ensure adequate electron and electrolyte supply for
the Co “leaf”. A unique Co-S-Na molecular layer was formed via chemical adsorption, which
enabled a fast reduction reaction of the polysulfides. Moreover, other catalysts, including FeS2 and
NiS2 as well as atomic metals, have been successfully applied in the C/S cathode and show
promise for applications.24, 26, 43-44 On the other hand, covalent bonds between sulfur and carbon
(S-C bonds) anchored the polysulfides and prevented them from being dissolved, which is another
catalytic strategy to limit polysulfide dissolution. Yan et al. recently prepared a covalent S-C
composite via a novel and scalable wet-chemical method, in which the carbon disulfide (CS2)
solvent acted as both sulfur and carbon source, while red phosphorus worked as a desulfurizer to
carbonize CS2.45

Figure 2.5 (a) Mechanism of the catalytic adsorption. Reproduced with permission.42 Copyright
2021, Springer Nature. (b) Schematic illustration of C-S bonds confining polysulfide to prevent
dissolution. Reproduced with permission.45 Copyright 2020, American Chemical Society.
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The stable interlayer spacing of carbon was enlarged to 0.4 nm after the first cycle, which
enabled the free access of Na + ions to the host in the subsequent cycles. The Na + ions reversibly
combined with the anchored sulfur, resulting in a reversible performance. Similarly, Xiao and coworkers developed 3D tubular holes for sulfur storage in the precursor for a novel 3D MOF. The
sulfur was anchored via covalent S-C bonds and displayed reversible capacity of 1262 mAh g s-1
after 100 cycles at 0.1 A g-1. Overall, the covalent S-C bonds ensured stable cyclability, showing
promise for applications in carbonate ester electrolytes. Regarding ether electrolyte, catalysts offer
strong adsorption toward solvated polysulfides, alleviating the shuttle effect. Nevertheless, the
limited amount of catalyst makes it difficult to adsorb all of the polysulfides, especially under the
condition of lean electrolyte, where the solvated polysulfide is in high concentration. When
catalytic adsorption is no longer the prime factor, researchers are turning to improvement of the
Na anode for better cyclability.

2.2.3. Solid interphase on cathode
A solid interphase is formed on the top of cathode by the consumption of electrolyte, which is
called cathodic electrolyte interphase (CEI). In Li-S batteries, the CEI plays an important role in
Li+ ion transport, electronic insulation, and capacity retention. Besides, the CEI makes significant
contributions to polysulfide conversion by separating the S species from the electrolyte. Xing et al.
used a high-concentration, ether-based electrolyte with 4 M LiTFSI and 0.5 M LiNO3 salts to form
a crystalline CEI on the sulfurized polyacrylonitrile (SPAN) cathode. After cycling, a surface layer
was observed with a thickness of 27 nm (Figure 2.6). The presence of lattice fringes indicate that
the surface layer is crystalline. According to the XRD spectra, the crystalline structure was index
to LiF and LiNO2, which prevented the formation of solvated polysulfides and improved the
cyclability of Li-S batteries.

Figure 2.6 (a) TEM images of SPAN cathode covered with a CEI layer. (b) XRD spectra of
SPAN cathode after 10 cycles with 4 M LiTFSI and 0.5 M LiNO 3 in DOL/DME electrolyte.
Reproduced with permission.46 Copyright 2019, Elsevier.

In Na-S batteries, Hu et al. recently found that FEC additive was able to construct an F-rich CEI
on the S cathode, which strongly inhibited polysulfide dissolution.47 Lee et al. developed an in-situ
electrochemical treatment (in-situ ET) in constant current-constant voltage (CC-CV) mode to form
a favourable SEI film by FEC decomposition (Figure 2.7).
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Figure 2.7 Schematic illustration of the in-situ grown SEI on Na2S cathode. To form the SEI on
the sulfur-carbon composite cathode, the RT Na-S batteries using FEC-containing electrolyte are
fully discharged at 0.05 V. The SEI is formed on the sulfur-carbon composite cathode by
reduction of the FEC-containing electrolyte during the in-situ electrochemical treatment (ET)
discharge and is maintained after the in-situ ET charge. Reproduced with permission.48 Copyright
2018, Wiley-VCH.

The SEI can form on the sulfur-carbon-composite cathode surface along with the in situ ETdischarge at potential close to 0.05 V in the FEC-containing electrolyte. This protective layer
could be well maintained after the in-situ ET-charge treatment. CV characterization and an ex-situ
visual experiment well confirmed that the protective SEI suppressed the polysulfide dissolution,
leading to greatly enhanced stability and reversible capacity. 48 When FEC additive was added into
1 M NaClO4 EC/PC (v/v = 1/1) electrolyte, a more effective CEI formed on the surface of the
YP50F/S cathode, which allowed a more thorough transformation between S and Na 2S (Figure
2.8). It was proposed that the reduction of FEC during the 1st discharge could produce NaF, Na2O,
and a number of sulfur oxides ([S2O3]2- and [SxO6]2- (x = 2-6)), which were not only a part of the
CEI, but also an electrochemically active substance contributing to higher specific capacity and S
utilization. As a result, the YP50F/S electrode with 5 wt% FEC additive delivered a reversible
capacity of up to 1651 mA h g-1 and retained 1356 mAh g-1 after 100 cycles at 0.1 C.49 The benefit
of FEC additive was also proven by Wang et al., who showed that the reversible capacity in RT
Na-S batteries could be significantly improved.50 These findings reveal that FEC is an important
additive in carbonate ester electrolyte that contributes to the construction of an improved CEI layer
for S cathode.

Figure 2.8 (a) Schematic illustrations of surface components of the YP50F/S electrode surface
after the first discharge with (left) 1 M NaClO4-EC/PC and (right) 5 wt% FEC-added 1 M
NaClO4-EC/PC; (b) High resolution XPS S 2p spectra of YP50F/S cathode at the pristine stage,
after discharge to 0.1 V and after charge to 3.0 V (left) without FEC additive, (right) with 5 wt%
FEC. Reproduced with permission.49 Copyright 2019, Elsevier.
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2.3. Separator
Separator prevents physical contact between the cathode and anode, while facilitating ionic
transport in the battery cell. In recent studies, separator was given more functions, which include
inhibiting polysulfide shuttling. When porous materials are used to modify the separator, they can
act as a filter to block the shuttle effect of solvated polysulfides. In this part, we will talk about the
functions of separator in Li-S and Na-S batteries.

2.3.1. Li-S separator
Commercial polyolefin separators have been modified with various materials including inorganic
materials and polymers. Recently, Zhang et al. developed single Ni atoms embedded on nitrogendoped graphene (Ni@NG) which were fabricated and utilized to modify the separator of Li-S
batteries.51 The Ni@NG obtained Ni-N4 structure providing the active Ni centre and good
conductivity. It could not only chemically trap the LiPSs, but also improved the redox reaction.
Therefore, the modified Li-S batteries showed excellent rate performance and cycling stability
(Figure 2.9a).
Huang et al. developed a strategy of employing an ion selective membrane to improve the
cyclability and CE of Li-S batteries.52 The sulfonate-ended perfluoroalkyl ether groups on the
ionic separator were connected by pores or channels. These SO3- groups-coated channels allowed
ion hopping of Li+ but rejected the negative polysulfide anions (Sn2−). Consequently, this ionicselective membrane functioned as a sieve for polysulfide anions, confining the polysulfides on the
cathode side. With the modification of the membrane, the Li-S batteries achieved an ultra-low
decay rate of 0.08% per cycle in 500 cycles.

Figure 2.9 (a) Catalytic mechanism of the LiPSs on the surface of Ni@NG in electrochemical
process. Reproduced with permission.51 Copyright 2019, Wiley-VCH. (b) Schematic of the
different Li-S batteries configurations. Reproduced with permission.52 Copyright 2019, Royal
Society of Chemistry.
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2.3.2. Na-S separator
Polar catalysts can also be decorated on the material and offer adsorption of polysulfides, further
increasing the capability. Xu’s group recently designed a modified separator with hollow carbon
spheres and MoS2 catalyst (S@HCS/MoS2).53

Figure 2.10 Schematic diagram of the S/C composite and the S@HCS/MoS2 electrode with
modified glass fiber during the discharge process. Reproduced with permission. 53 Copyright 2019,
Wiley-VCH.

As shown in Figure 2.10, the dissolved polysulfides are able to freely shuttle through the pristine
separator. After modification, the modified glass fiber effectively blocks polysulfide shuttling,
while Na ions can be freely transported between the cathode and anode. Regarding its catalytic
function, the Mo atom provides strong adsorption of sodium polysulfide on the polar MoS 2
nanosheets, ensuring stable cyclability. As well as separator modification, Kohl et al. applied a
sodiated Nafion separator in RT Na-S batteries. A porous polypropylene membrane was coated by
the sodiated Nafion, which possessed sufficient Na ion conductivity and allowed less polysulfide
permeation. Afterwards, Yu and Manthiram further studied the hydrophobic region of the Nafion
membrane, which is composed of a poly(tetrafluoroethylene) (PTFE) backbone and hydrophilic
ion-cluster regions with sizes of 1-2 nm and 4-5 nm, respectively (Figure 2.11).

Figure 2.11 (a) Architecture of Nafion membrane and schematic illustration of the ionicselectivity of the Nafion membrane by ionic interactions at the hydrophilic pores of the membrane.
Reproduced with permission.54 Copyright 2016, American Chemical Society. (b) Schematic
illustration of the Al2O3-Nafion separator blocking polysulfide shuttling. Reproduced with
permission.55 Copyright 2016, American Chemical Society.
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Therefore, from the “size effect” point of view, there were significant obstacles to block the
migration of polysulfide species through the hydrophilic pores of the Nafion membrane. The
−SO3- at the hydrophilic “pore” surface of the Nafion membrane also provided a negatively
charged environment, which was endowed with the ion-selectivity property by ionic interactions.
The counter Na+ ions with positive charge could freely shuttle through the narrow hydrophilic
“pores”, while the negatively charged polysulfide species could hardly go through the Nafion
membrane due to the “charge repulsion” effect from the negatively charged environment at the
hydrophilic “pores”. Based on this research, Cengiz et al. coated the Nafion membrane with
Al2O3, which served as an adsorbent to prevent polysulfide shuttling, achieving promising
performance. Overall, current studies on separator improvement are sorted into two types:
separators modified by polar materials and sodiated Nafion membrane coated on conventional
separators. These two approaches have been proven to have promising applications in decorating
separators.

2.4. Anode
Metallic Li and Na show great potential as anodic material because of their high theoretical
capacity (3860 mAh g-1 and 1166 mAh g-1) and low reduction potential (-3.040 V and -2.714 V vs.
SHE). The high reactivity is always a problem in practical applications, however. When Li and Na
anode are used in Li-S and Na-S batteries, respectively, it also suffers from several problems,
including unstable SEI layers, Na dendritic growth, and polysulfide deposition. These problems
may induce serious results such as short-circuits and fast capacity loss. In this part, we will discuss
recent advances on safe and stable anode as well as SEI on anode for Li-S and Na-S batteries.

2.4.1. Safe and stable anode
In Li-S batteries, Kong et al. developed Li-Mg alloy as an anode for Li-S batteries. They found
that a passivated layer was formed on the surface of the Li–Mg alloy anode, which decreased the
side reactions between anode and electrolyte, and enabled a smooth surface morphology on the
anode after cycling.56 Meanwhile, the mixed electron and Li-ion conducting matrix of the Li-poor
Li-Mg alloy as a porous skeleton structure could also be formed after delithiation, guaranteeing
the structural integrity in the bulk of anode during Li stripping/plating process (Figure 2.12). As a
result, the Li-Mg alloy exhibited an improved cycling performance in Li-S batteries.

Figure 2.12 Schematic illustration of Li anode and Li-Mg alloy anode during Li stripping/plating
process. Reproduced with permission.56 Copyright 2019, Wiley-VCH.
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In Na-S batteries, Luo et al. encapsulated Na metal in an electrically conductive host, in which
the channels of carbonized wood could restrict Na plating/stripping processes (Figure 2.13). 57 In
addition, the high conductive surface area would lower the effective local current density and
result in uniform Na nucleation. The encapsulated Na anode can effectively improve stability but
is hardly able to confine polysulfide deposition. In this regard, Li’s group developed a Na-metalfree anode by employing Sn-C anode and Na2S cathode in ether electrolyte.28

Figure 2.13 (a) Encapsulation of metallic Na in carbonized wood by a spontaneous and
instantaneous infusion. Reproduced with permission.57 Copyright 2017, American Chemical
Society. (b) Schematic illustration of the configuration of Na-metal-free Sn@C anode and Na2S
cathode. Reproduced with permission.28 Copyright 2019, Wiley-VCH.

The Sn-C anode was chemically stable under ambient conditions with high safety and stability,
showing great potential in practical applications. Since Sn-C composites are not as active as Na
anode, solvated polysulfide found it difficult to spontaneously react with the composites. As a
result, the Sn-C anode significantly diminished the negative effect of polysulfide shuttling. As
well as replacing the Na metal, modification of the interphase between the Na anode and the
electrolyte can strongly limit the shuttle effect, which will be further discussed in following
section.

2.4.2. SEI on anode
The SEI is regarded as playing one of the key roles in Li-S and Na-S batteries that have SEI
layers on the Na anode and on the sulfur cathode, where it is called the CEI. The SEI is composed
of insoluble and partially soluble products, generated from the reductive decomposition of the
electrolyte and the side reactions between electrolyte and the anode/cathode. 58 This layer functions
as a solid electrolyte between the anode/cathode host and the electrolyte, because it is ionically
conductive but electrically insulating. Meanwhile, the SEI layer is also regarded as a passivation
layer because it blocks direct electron transfer from metallic anode/S cathode to the electrolyte,
thereby preventing the continuous corrosion of the metal electrode/S cathode. 59 With respect to its
formation, there are two routes, denoted as the “surface growth mechanism” and the “near-shore
aggregation mechanism”. For the surface growth mechanism, insoluble inorganic and organic
products from electrolyte decomposition form on the anode surface. 60
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Figure 2.14 SEI film formation processes for (a) “surface growth” and (b) “near-shore
aggregation” mechanisms. Reproduced with permission.61 Copyright 2015, Electrochemical
Society.

Growth will stop when the SEI film is thick and continuous enough to impede further electrolyte
decomposition. On the other hand, the near-shore aggregation mechanism proposes that the
decomposed electrolyte components on the anode surface desorb into the electrolyte and form
aggregates (Figure 2.14).61 The agglomerates then coalesce and re-adsorb onto the anode surface.
In these two paths, the key challenges for the SEI in Li-S and Na-S batteries are dendrite growth,
gas evolution, and polysulfide deposition, which significantly hinge on the development of the SEI
on the anode. In following part, we will address recent advances on these issues.
On Li anode, polysulfide deposition on the surface of Li is a serious concern in Li-S batteries,
which causes serious capacity fading and Li metal corrosion. This issue has arisen in Li-S
batteries, where both LiNO3 and ether solvents could release flammable gases when having side
reactions with Li metal (Figure 2.15). In spite of LiNO 3 additive, Wei et al. developed 3, 5bis(trifluoromethyl)thiophenol (BTB) as an electrolyte additive to modify SEI on Li anode. The
organosulfur-containing SEI protected the Li anode from the detrimental reactions with LiPSs and
decreases its corrosion. Under practical conditions with a high-loading S cathode (4.5 mgS cm-2), a
low electrolyte/S ratio (5.0 µL mgS-1), and an ultrathin Li anode (50 µm), the Li-S battery
delivered 82 cycles with an organosulfur-containing SEI in comparison to 42 cycles with a routine
SEI.

Figure 2.15 (a) Overview of the reactions producing gases in Li-S batteries using ether electrolyte
with (left) and without (right) LiNO 3 additive. Reproduced with permission.62 Copyright 2016,
Royal Society of Chemistry. (b) The schematics of SEI preformation in the LiPSs electrolyte with
or without BTB additive and the optical images of LiPSs electrolyte with Li foil after 0 and 16 h in
the visualized test. Reproduced with permission.63 Copyright 2019, Wiley-VCH.
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In Na-S batteries, dendrite growth is recognized as the bottleneck for the safe and stable
operation. When the Na metal has an uneven surface in contact with the electrolyte, a jagged SEI
is formed along the surface. The jagged SEI leads to non-uniform Na deposition during initial
plating. Then, the ion flux becomes more concentrated on the protuberance and eventually
generates a dendrite (Figure 2.16).64 Light microscope images show the sodium electrode in 1 M
NaClO4 carbonate ester electrolyte for different deposition times. During the deposition process,
dendrites are gradually growing on the surface of the Na metal, which leads to low CE, rapid
electrolyte exhaustion, and a rise in impedance. 65 If the dendrite reaches the cathode and causes
short-circuit, rapid and highly exothermic failure may result in safety concerns.

Figure 2.16 (a) Schematic illustration and visualization of Na dendrite formation during
plating−stripping. Reproduced with permission.64 Copyright 2019, American Chemical Society.
(b) Schematic illustration of the passivation process (top) and micrographs of the as-deposited
sodium metal (bottom). Reproduced with permission.66 Copyright 2020, Elsevier.

To address these issues, Kumar et al. recently reported an artificial biphasic interphase
comprising two chemically distinct phases, NaOH and NaNH 2, which combined high stiffness and
high ductility.66 In addition, the biphasic interphase exhibited a low diffusion barrier for sodium
ions, enabling reversible sodium plating and stripping behaviour even at extremely high current
densities (up to 50 mA cm-2) in a symmetric cell configuration. They also used a facile solidvapour reaction of metallic sodium with tin tetrachloride vapour to fabricate an artificial metalalloy interphase. The interphase had beneficial properties, including strong electrode adhesion (to
accommodate volume change), high ionic conductivity (to minimize over-potential), a high
Young’s modulus (to suppress dendrite growth), and low electrolyte permeability (to minimize
electrolyte reduction). As a result, the interfacial modification facilitated reversible deposition of
sodium at relatively high current densities (2-7 mA cm-2) and allowed sodium electrodes to cycle
stably for over 650 cycles at 2 mA cm-2 in sodium symmetric cells.

2.5. Electrolyte
Over the past ten years, numerous studies have explored the electrochemical behaviour of nonaqueous electrolyte. To shed light on future applications, significant research is discussed below:
When carbonate ester electrolytes are applied in the Li-S and Na-S batteries, the chemical stability
between carbonate ester solvents and polysulfides gives assurance of the most important
requirements. Previous studies on the Li-S batteries, however, found that a side reaction with
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carbonate ester solvent occurs when the long-chain polysulfides dissolve into the carbonate ester
electrolyte to form a single-phase solution.67 The long-chain polysulfides rapidly react with the
most electrophilic carbon of the solvent via nucleophilic addition or substitution (Figure 2.17).

Figure 2.17 (a) Plausible mechanism for EC and EMC decomposition by polysulfide, and (b)
voltage-capacity profiles of the C/S cathode and Li anode in carbonate ester and ether electrolytes.
Reproduced with permission.67 Copyright 2013, Elsevier. Voltage-capacity profile of the carbon
nanotube (CNT)/S cathode and Na anode in (c) carbonate ester electrolyte and (d) ether
electrolyte. Reproduced with permission.31 Copyright 2020, Multidisciplinary Digital Publishing
Institute.

In the case of EC electrolyte, a ring-opened intermediate (1b) is first produced by intramolecular
or intermolecular nucleophilic substitution, and further nucleophilic substitution leads to the
formation of ethylene glycol (1c) and thiocarbonate (1d). Similarly, EMC was also decomposed
by nucleophilic substitution reactions, as evidenced by the formation of intermediates including
methanol (2d), ethanol (2e), and thiocarbonates (2b and 2c). A further cascade of nucleophilic
substitution of long-chain polysulfides results in the formation of thiocarbonates (2f), methanol
(2d), and ethanol (2e). These results strongly indicate that the long-chain polysulfides produced by
the electrochemical process in carbonate ester solvents do not get converted to short-chain
polysulfides, because they are consumed by a side reaction with the solvent before further
electrochemical reduction. As a result, the cell with carbonate ester electrolyte only shows a
cathodic peak at around 2.3 V, corresponding to the conversion from S8 to long-chain
polysulfides. After that, the electrochemical reduction from long-chain polysulfides to short-chain
polysulfides is impaired, and no peak is detected during an anodic scan. Based on these results, all
of long-chain polysulfides are consumed by the side reaction with the carbonate ester solvent. A
similar CV profile also appears for Na-S battery, where S8 turns into long-chain polysulfides at
around 2.2 V, which are consumed by the side reaction with the PC/EC electrolyte.
With respect to the ether electrolyte, a typical Li-S cell shows two cathodic peaks in its CV
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profile: S reduction to long-chain polysulfides (~2.3 V) and further reduction to short-chain
polysulfides (∼2.0 V). A reversible conversion is also performed in the Na-S battery, and three
cathodic peaks are detected at 2.3 V, 1.7 V, and 1.0 V which correspond to the generations of
Na2S8, N2S6, and Na2S. Compared to carbonate ester electrolyte, ether electrolyte does not undergo
side reaction with dissolved polysulfides. Therefore, polysulfides undergo reversible conversion in
ether electrolyte instead of side reactions with solvent molecules. In following sections, we will
study the challenges and advances in recent research on carbonate ester and ether electrolytes.

2.5.1. Carbonate ester electrolytes
Carbonate ester electrolytes are composed of metal salts and binary or ternary carbonate ester
solvents. Metal salts affect the ionic conductivity while carbonate ester solvents have a significant
impact on cyclability. They are important components of compositions to form the SEI on the
anode and the CEI on the cathode.68 In terms of mixed solvents, cyclic carbonates (such as PC, EC
and FEC) and linear carbonates (such as DEC and EMC) are widely used. Regarding the cyclic
carbonates, PC and EC have similar structures but they have different electrochemical behaviour.
Typically, pure PC is not suitable as the sole solvent because it continually decomposes, leading to
the growth of SEI and CEI layers and causing significant capacity decay.69 On the other hand, pure
EC is not a good candidate either, due to its high melting point (36.1 oC). Nevertheless, binary
carbonate ester solvents consisting of EC and PC are very common because they form protective
SEI and CEI layers, while EC can prevent sustained electrolyte decomposition of PC. 70 Moreover,
FEC is widely used as an additive to suppress the reductive decomposition of PC and limit Na
metal dendrites.71 To alleviate the side reactions between dissolved polysulfides and carbonate
ester solvent, a popular strategy is usually applied that involves implanting S into the micropores
of the carbon host via thermal treatment. The carbon host not only separates S from the solvents,
but also provides good conductivity for the redox reactions. 72 Also, carbonate ester solvents will
partially decompose and form a dense CEI layer on the carbon host.
In Li-S batteries, Xin et al. applied EC/DEC carbonate ester electrolyte in small-sulfur cathode of
S2-4 which was synthesized in the confined space of carbon nano-tube (S/CNT).38 The confined S24

could avoid unfavourable transition between the traditional S 8 and S42-. The refined Li-S batteries

exhibited different electrochemical behaviour with a single discharging plateau at around 1.7 V
(Figure 2.18). Similarly, Zhu et al. used PVDF precursor to synthesize ultra-microporous carbon
(0.55 nm pore size) as small-sulfur host (S/UMC).73 This S/UMC composite electrode was
compatible with the carbonate-based electrolyte used in Li-S batteries. The resulting battery
showed a typical discharging profile with only one long potential plateau corresponding to the
conversion from S2-4 to short-chain LiPSs. The S/UMC composite retained a capacity of
852 mAh g-1 after 150 cycles at 0.1 C and delivered a long-term cycling at 1 C for 1000 cycles
with only around 0.03% capacity loss per cycle.
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Figure 2.18 (a) Voltage-capacity profile of S/CNT in carbonate ester electrolyte for Li-S batteries.
Reproduced with permission.38 Copyright 2012, American Chemical Society. (b) Voltage-capacity
profile of S/UMC in carbonate ester electrolyte for Li-S batteries. Reproduced with permission.73
Copyright 2017, Elsevier.

In Na-S batteries, Guo and co-workers applied ternary carbonate ester electrolyte (PC:EC = 1:1
v/v with 2 wt% FEC, 1 M NaClO4) in tests of the cathode, which was composed of activated
porous carbon fibers and small sulfur molecules (S 2-4).74 The small S2-4 molecules were confined
in ultra-small micropores and achieved a single‐step reaction to Na 2S in discharge, which resulted
in reversible capacity of 997 mAh gs-1 after 400 cycles at 0.1 C. The small S2-4 molecules were
also studied by Wang and co-workers, who developed a ternary electrolyte (PC/EC/DEC = 1:1:1
v/v/v, 1 M NaClO4) without the addition of FEC (Figure 2.19). 75 A small peak at 2.2 V in the 1st
discharge originated from the conversion of surface S to long-chain polysulfides. It is worth noting
that the large capacity loss from the first discharge to the second was possibly blamed for the side
reactions and generation of thiocarbonate-like SEI and CEI layers in the 1st discharge. The C/S2-4
cathode achieved a reversible capacity of 790 mAh gs-1 after 60 cycles at 0.1 C, showing a
reversible reaction after the 1st discharge. In these two studies, small S2-4 molecules were applied
in ternary carbonate ester electrolyte but resulted in different cyclability, showing the benefit of
FEC additive for improving cycling performance. Whereas, the linear carbonate ester DEC, which
has a lower viscosity and melting point than cyclic carbonate esters, is also popular as a cosolvent
in ternary solvents. Jeon and co-workers also prepared carbonized (c) cPIM/S2-4 cathode via PIM1 precursor, where PIM stands for polymer of intrinsic microporosity, which featured ∼0.5 nm
sized ultra-micropores.76 The cPIM/S2-4 cathode had S content of 30 wt %, delivering reversible
capacity of 556 mAh gs−1.

Figure 2.19 (a) Voltage-capacity profile of a microporous-mesoporous carbon (MMC)/S2-4
cathode and Na anode in carbonate electrolyte. Reproduced with permission. 75 Copyright 2021,
Elsevier. (b) Voltage-capacity profile of the cPIM/S2-4 cathode and Na anode in carbonate
electrolyte for selected cycles. Reproduced with permission. 76 Copyright 2020, Royal Society of
Chemistry.
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Overall, carbonate ester solvents have been widely applied in Li-S and Na-S battery. Usually, EC
electrolyte is used to mix with PC or DEC in a 1:1 volume ratio to form binary solvents, which
possess suitable conductivity, viscosity, and thermal stability windows. The binary solvents will
partially decompose and form dense SEI and CEI layers on electrodes. With the addition of FEC
additive, the resulting ternary solvent can effectively inhibit Li/Na metal dendrites and deliver
promising cyclability. Since carbonate ester solvent undergoes severe nucleophilic addition or
substitution reactions with polysulfide, however, it can hardly deliver reversible capacity in pure S
cathode. This problem can be addressed by cathode design that involves implanting S into a
porous carbon host. The carbon host can not only separate S from the carbonate solvent, but also
improve the conductivity of S. During cycling, Li/Na ions are exchanged via the CEI layer, and
delivers reversible capacity in the carbonate ester electrolytes.

2.5.2. Ether electrolytes
Common ether solvents applied in Li-S batteries are DOL and DME. The mixture of these two
solvents has moderate polarity causing the premature deposition of low-solubility short-chain
LiPSs to render passivation of cathode. Fang et al. fabricated a sandwiched carbon/titanium
dioxide/carbon (C@TiO2@C) cathode in ether electrolyte for Li-S batteries.77 The inorganic
cathode physically and chemically trapped LiPSs. Typically, the interlay TiO 2 layer offered
strongly chemical binding to LiPSs, while the sandwiched hollow carbon structure could
physically buffer the volume change during the charge–discharge process. As a result, the
developed C@TiO2@C/S inorganic cathode delivered reversible capacity of 741 mAh g-1 after
300 cycles at 0.5C with dual discharging plateau (Figure 2.20). In spite of inorganic cathode, Kang
et al. developed a sulfur-rich polymers cathode (poly(S-TABQ)) in ether electrolyte for Li-S
batteries, resulting in discharge capacity of 1346 mAh g-1 at 0.1C, good rate performance of 833
mAh g-1 at 10 C and long cycling of 500 cycles with a low capacity decay of 0.052% per cycle. 78
Dual discharging plateau was shown in the polymers cathode, indicating a solid-liquid conversion
in S redox reaction. The charge transfer properties and effective suppression of the polysulfideshuttle were achieved by chemical interactions. In particular, the use of tetra(allyloxy)-1,4benzoquinone linker enabled the conductivity enhancement by a factor of 450 and lithium
diffusion kinetics improvement by two orders of magnitude during redox reactions, compared with
elemental sulfur cathodes.

Figure 2.20 (a) Voltage-capacity profile of C@TiO2@C/S in DOL/DME electrolyte. Reproduced
with permission.77 Copyright 2017, Royal Society of Chemistry. (b) Voltage-capacity profile of
poly(S-TABQ). Reproduced with permission.78 Copyright 2018, Wiley-VCH.
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In Na-S batteries, TEGDME and DEGDME are widely applied. 79 Compared with carbonate ester
solvents, ether solvents do not react with polysulfide anions, but they can thoroughly dissolve
long-chain polysulfides. The dissolved polysulfides freely shuttles between the cathode and the
anode in the battery cell. When shuttling to the Li/Na anode, it will spontaneously react with
Li/Na, resulting in poorly conductive Li2S/Na2S, which not only decreases the reversible
conductivity, but also potentially corrodes the Li/Na anode. Recent, Xu’s group recently
synthesized a 3D porous aerogel (hybridized by Ti3C2Tx MXene and rGO) for S storage (Figure
2.21).39

Figure 2.21 (a) Voltage-capacity profile of MG-Co@S. Reproduced with permission.39 Copyright
2020, Royal Society of Chemistry. (b) Voltage-capacity profile of AC/Na2S. Reproduced with
permission.54 Copyright 2016, American Chemical Society.

The integration of highly conductive MXene and rGO into a crosslinked aerogel structure offers
considerable S sites to the ether electrolyte, which effectively improves the sluggish kinetics. As a
result, the cathode displayed reversible capacity of 705 mAh gs-1. As well as the S cathode,
Li2S/Na2S is another promising candidate cathode material. Compared to pure S cathode,
Li2S/Na2S has the advantage that it enables the preparation of a sodium-free Li-S and Na-S
batteries, which can effectively improve the safety. Yu and Manthiram combined Na 2S with freestanding activated carbon nanofiber to form the cathode (AC-Na2S).54. Li’s group recently
developed a hollow Na2S cathode, with an Sn and C compound taking the place of Na metal as the
sodium-free anode.28 Similarly, Bloi and co-workers employed pre-sodiated hard carbon as the
anode coupled with Na2S cathode, which showed promising applications.80

Figure 2.22 In-situ XRD patterns of C/S in ether electrolyte. Reproduced with permission.40
Copyright 2020, Springer Nature.
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To study the polysulfide changes, insitu X-ray diffraction (XRD) was employed (Figure 2.22).
Based on the CV profile, the discharging process commenced at 2.8 V, where crystalline S 8
dominated the cathode. As the voltage dropped down to 2.3 V, a strong cathodic peak suggested
the conversion from solid S8 to long-chain Na2Sx polysulfides. The dissolved Na2Sx kept splitting
into Na2S5 and Na2S4 from 2.3 V to 1.5 V. As the voltage decreases to 1.0 V, the dissolved
polysulfides totally turned into solid Na2S2 and Na2S. Overall, the whole conversion can be
summarized as:
1. S8 → Na2Sx → Na2S6, 5 → Na2S4 → Na2S2 → Na2S
The dissolved long-chain polysulfides displayed a high discharging voltage at around 2.3 V.
Also, the dissolved polysulfides functioned as intermediates, improving the reaction kinetics of
solid S8. Regarding the negative aspects, the shuttle effect of polysulfides dramatically consumed
the active polysulfides, causing low Coulombic efficiency, capacity loss, and Na metal corrosion.
Overall, carbonate ester and ether electrolytes have been proven to deliver stable cyclability with
the optimization of cathode materials. Each electrolyte has its own insurmountable disadvantages,
however, which require further improvements in cathode design and the addition of additives: In
carbonate ester electrolytes, the long-chain polysulfides rapidly react with the most electrophilic
carbon of the solvent via nucleophilic addition or substitution once they start dissolving in the
electrolyte. On the other hand, dissolved polysulfides in ether electrolytes suffer from a severe
shuttle effect, causing significant capacity loss. These issues can be addressed via the addition of
additives and redox mediators.

2.5.3. Solid-state electrolytes
Liquid electrolytes displayed superior electrochemical performance in Li-S and Na-S batteries.81
Serious issues result, however, from the use of non-aqueous solvents, including electrolyte
leakage, flammability, dendrite formation, the shuttle effect, and side reactions between solvents
and polysulfides, which have significantly hindered the practical application of Li-S and Na-S
batteries.82 These shortcomings point to the importance of developing solid-state electrolytes.83
Solid electrolytes have aroused increasing interest due to their outstanding safety, high thermal
stability, and stable electrochemical compatibility with polysulfides and metallic anode. 84
Furthermore, solid electrolytes function as ion transport pathways and separators, offering the
promise of lighter weight and higher energy density than their liquid counterparts. 85 Therefore,
they are considered as next-generation electrolytes that can address safety issues and offer high
energy density by replacing conventional liquid electrolytes. However, the main difficulties for
solid electrolytes are poor ionic conductivity and poor chemical stability with polysulfides and
metallic anode, as well as unstable interfacial contact between the electrodes and the electrolyte. 8688

To address these issues, many attempts have been made, and progress has been achieved to

some degree. In this context, we will systemically discuss these recent researches in Li-S and Na-S
batteries.
In Li-S batteries, Lin et al. developed a Li3PS4-Li2S (LLS) core-shell structure with Li3PS4 solid
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inorganic electrolyte and Li2S cathode (Figure 2.23).89 The in-situ grown Li3PS4 solid inorganic
electrolyte on Li2S cathode ensured a stable interfacial contact between electrolyte and cathode.
Besides, the LSS obtained an ionic conductivity of 10 -7 S cm-1 at 25 °C, which was 6 orders of
magnitude higher than that of bulk Li2S (∼10-13 S cm-1). As a result, the LLS delivered 594 mAh
gs-1 reversible capacity after 100 cycles. Compared to solid inorganic electrolyte, solid polymer
electrolyte has better interfacial contact to metallic anode and S cathode, resulting in a relatively
low interfacial resistance. Judez et al. studied the poly(ethylene oxide) (PEO) electrolyte in allsolid-state Li-S batteries.90 Based on their research, the PEO electrolyte showed good contact with
cathode and anode, ensuring stable resistance. However, the PEO could dissolve LiPSs, resulting
in the shuttle effect (Figure 2.23b).

Figure 2.23 (a) Schematic illustration of the LLS and its cycle performance. Reproduced with
permission.89 Copyright 2013, American Chemical Society. (b) Cycle performance and images of
the cycling LiFSI/PEO and LiTFSI/PEO electrolytes. Reproduced with permission.90 Copyright
2017, American Chemical Society.

In Na-S batteries, Ge and co-workers prepared a metal-organic framework doped PEO
electrolyte, which exhibited high ionic conductivity of 6.87 × 10-5 S cm-1 at 60 °C, showing a
solid-liquid conversion (Figure 2.24).91 Zhu et al. recently prepared a SPE consisting of PEO,
NaFSI, and nano-TiO2.92 When doped with 1 wt% TiO2, the ionic conductivity of the PEO−NaFSI
electrolyte at 60 °C increased from 1.60 × 10 -4 S cm-1 to 4.89 × 10-4 S cm-1, which was even higher
than the conductivity of their previous PEO-NaCF3SO3 electrolyte at 90 °C (3.38 × 10-4 S cm-1).
The nano-TiO2 effectively blocked the aggregation of PEO segments, decreasing the degree of
crystallinity, which is beneficial for ionic conductivity. Besides, Wan and co-workers constructed
a solid-state Na-S batteries with 0.9 Na3SbS4 · 0.1 NaI solid inorganic electrolyte and Fe 3S4 · S ·
0.9 Na3SbS4 · 0.1 NaI cathode (Figure 2.24c).93 The 0.9 Na3SbS4 · 0.1 NaI electrolyte showed high
conductivity of 3.61 × 10-4 S cm-1, while the introduction of Fe3S4 increased the conductivity of
the cathode composite by one order of magnitude. As a result, the aggregation of S was effectively
suppressed in the obtained Fe3S4 · S · 0.9 Na3SbS4 · 0.1 NaI composite with an enhancement of
contact between S and the 0.9 Na3SbS4 · 0.1 NaI electrolyte. According to the voltage-capacity
profile (Figure 2.24d), it showed a solid-solid conversion with a reversible capacity of 952 mAh
gs-1 at the current density of 50 mA gs-1. Strong pressure (240 MPa) had to put on the both sides of
the battery tank, however, to ensure close interfacial contact between the solid electrolyte and the
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electrodes. The interfacial contact has a strong impact on interfacial resistance, which is important
for stable cyclability.

Figure 2.24 (a) Diagram of Li+/Na+ ion transfer in PEO-based SPEs, reproduced with
permission.94 Copyright 2019, Elsevier. (b) Voltage-capacity profile of PEO-based SPEs at 60 °C,
reproduced with permission.91 Copyright 2020, Springer Nature. (c) Schematic illustration of the
fabrication process for the Na3PS4-based SIEs and (d) the voltage-capacity profile of C/SFe3S4·S·0.9 Na3SbS4·0.1 NaI SIE battery at room temperature, reproduced with permission. 93
Copyright 2020, Wiley-VCH.

2.6. Summary
To improve the polysulfide conversion, rational designs of optimized catalysts are necessary in
Li-S and Na-S batteries. Nevertheless, the function of catalysts that adsorb polysulfides is
dependent on the S content. If the amount of sulfur is too high (over 70 wt %), a small amount of
catalyst can hardly offer enough catalytic surface for all of the sulfur, especially when the battery
is cycling at high rate. Therefore, constructing a highly conductive framework with high specific
surface area to maintain high S content will be a popular strategy for cathode design. In addition,
the CEI layer on cathode material functions as an ionic channel and polysulfide separator, playing
an important role in cycling performance. To optimize the CEI, artificial layers such as AlOOH
sheets and in-situ grown CEI layers were widely applied in conjunction with FEC additive in
liquid electrolyte. By means of CEI modification, the reversible conversion of polysulfides can be
significantly improved. Regarding the anode, S cathode is normally coupled with Li/Na metallic
anode, which is highly active and usually has side reactions with the electrolyte, resulting in an
SEI layer. Strategies such as constructing Li/Na alloy were applied to modify the Na anode.
Li2S/Na2S cathode can couple with Na-free anodes such as Sn/C anode, which well addresses the
safety concerns about Li/Na metal. On top of the Li/Na anode, an SEI layer is formed from the
side reactions between the Li/Na anode and the electrolyte, protecting the Na anode from further
corrosion. The protection of the Li/Na anode and the construction of a stable SEI layer determine
the reversibility of solvated polysulfides and therefore has strong impact on the cyclability. The
SEI layer plays an important role in inhibiting Li/Na dendrites and preventing polysulfide
deposition.
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Chapter 3
3. Experimental Procedures
3.1. Chemicals and Materials
The chemicals and materials used in this thesis are shown in Table 3.1.

Table 3.1 Chemicals and materials used in this thesis.
Chemicals

Formula

Purity

Supplier

(%)
Resorcinol

C6H6O2

99

Sigma-Aldrich

Ammonium

NH4OH

28-30

Sigma-Aldrich

C4H6N2

99

Sigma-Aldrich

CH3OH

99

Chem-Supply

hydroxide
2Methylimidazole
Methanol

Pty. Ltd.
Zinc nitrate

Zn(NO3)2 · 6H2O

98

Sigma-Aldrich

Co(NO3)2 · 6H2O

98

Sigma-Aldrich

C3H8O

99

Chem-Supply

hexahydrate
Cobaltous
nitrate
hexahydrate
Isopropyl
alcohol
Tetraethyl

Pty. Ltd.
SiC8H20O4

98

Sigma-Aldrich

Formaldehyde

CH2O

37

Sigma-Aldrich

Carbon black

C

Super P

Timcal

orthosilicate

Belgium
EC

C3H4O3

99

Sigma-Aldrich

PVDF

-(C2H2F2)n-

99

Sigma-Aldrich

DEC

C5H10O3

99

Sigma-Aldrich
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FEC

C3H3FO3

99

Sigma-Aldrich

Sodium

NaClO4

98

Sigma-Aldrich

DOL

C3H6O2

98

Sigma-Aldrich

DME

C2H6O

98

Sigma-Aldrich

TEGDME

C10H22O5

98

Sigma-Aldrich

LiTFSI

LiC2NO4F6S2

99

Sigma-Aldrich

NMP

C5H9NO

98

Sigma-Aldrich

Lithium nitrate

LiNO3

98

Sigma-Aldrich

Sodium nitrate

NaNO3

98

Sigma-Aldrich

perchlorate

3.2. Synthetic Methods of Materials
3.2.1. Hydrothermal reaction
Hydrothermal reaction was applied in the third work to prepare carbon host with single atom
Co and metallic Zn. In a typical synthesis, Zn(NO3)2 6H2O (0.87 g), Co(NO3)2 6H2O (0.89 g) and
1.2 g 2-methylimidazole were dissolved in 70 ml methanol, stirred for 5 min, transferred into a
100 ml Teflon-lined stainless-steel autoclave and then heated at 120 C for 4 h. The as-obtained
precipitates were centrifuged and washed several times with ethanol and dried in vacuum at 70
°C overnight.
3.2.2. Heat treatment
Heat treatment were widely applied in four works. Typically, samples were put into tube
furnace with N2 blowing. Specific temperature was set for different samples based on their needs
and the furnace would be turned on. After the furnace naturally cool to room temperature,
samples could be collected.
3.2.3. Sulfur encapsulation
Sulfur encapsulation was performed in four works. Typically, sulfur powder was mixed with
specific samples and sealed into a glass tube. The glass tube would be put into tube furnace to
perform heat treatment.

3.3. Characterization Techniques
3.3.1. Scanning electron microscope (SEM)
The SEM is one kind of electron microscope, which uses a high energy beam of electrons to
scan the surface of a sample and produces images of the sample. The electrons can react with
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atoms in the samples, which will generate various kinds of signals, including information onthe
sample surface topography and the chemical composition of the material. The electron beam is
often scanned by a raster scan pattern, while the electron beam’s position combined with the
detected signals could generate an image of the sample. In this work, the morphology of various
S hosts was detected by a field emission scanning electron microscope (FESEM, JSM-7500FA,
JEOL, Tokyo, Japan) in UOW.
3.3.2. Thermogravimetric analysis (TGA)
TGA is applied to determine the content of sulfur in S host materials from the weight loss as the
sample is heated. A TGA Instrument 2000 was used to calculate the S content in this thesis work.
3.3.3. Transmission electron microscope (TEM)
TEM is a well-known microscopy technique, in which a beam of electrons is transmitted
through a sufficiently thin specimen, forming an image. The image is generated from the
interaction between the sample and the beam of electrons through the sample. TEM usually is
applied to investigate a material’s morphology, elemental composition, electronic structure, and
crystal structure, and it is one of the main analytical methods in chemical, physical,
nanomaterials, and even biological sciences.
3.3.4. Scanning transmission electron microscope (STEM)
STEM is a type of TEM. In a similar way to the usual TEM, the images are generated by
directing a beam of electrons through a specimen. Unlike TEM, the beam of electrons in an
STEM model are focused to a fine spot (~ 0.05 to 0.2 nm), which is scanned over the sample in a
raster illumination system. The beam through the sample mode means that STEM is suitable for
various analytical techniques, for example EDS, electron energy loss spectroscopy (EELS), and
Z-contrast annular dark-field imaging (ADF). These signals can be obtained, which are able to
directly correct the images and confirm the quantitative data. In this thesis, TEM was carried out
on a JEOL 2011, 200 keV, and STEM was performed on a JEOL ARM-200F, 200 keV
3.3.5. X-ray Powder Diffraction (XRD)
XRD is a rapid analytical technique to identify the phase of crystalline materials, which could
offer information on their dimensions. Nowadays, XRD is a familiar technique to study the
crystal lattices and structures of materials. The interaction between samples and the X-rays will
create constructive interference and diffracted rays when the conditions meets Bragg's law: 2d
sinθ = nλ. Here, d refers to the distance between lattice planes, and θ is the incidence angle; n
represents any integer; λ refers to X-ray wavelength of the beam. In this thesis, the crystal
structures of materials were investigated by powder XRD (GBC MMA diffractometer) with Cu
 radiation.
3.3.6. X-ray absorption spectroscopy (XAS)
XAS is a widely used technique for determining the local geometric and/or electronic structure
of matter. The experiment is usually performed at synchrotron radiation facilities, which provide
intense and tunable X-ray beams. Samples can be in the gas-phase, solution, or as solids. The Xray Absorption Near-Edge Structure XANES introduced in 1980 and later in 1983 called also
NEXAFS (Near-edge X-ray Absorption Fine Structure) which are dominated by core transitions
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to quasi bound states (multiple scattering resonances) for photoelectrons with kinetic energy in
the range from 10 to 150 eV above the chemical potential, called "shape resonances" in
molecular spectra since they are due to final states of short lifetime degenerate with the
continuum with the Fano line-shape. In the high kinetic energy range of the photoelectron the
scattering cross-section with neighbor atoms is weak and the absorption spectra are dominated
by EXAFS (Extended X-ray Absorption Fine Structure) where the scattering of the ejected
photoelectron of neighboring atoms can be approximated by single scattering events. In this
work, X-ray absorption spectroscopy (XAS) experiments were carried out at the applied X-ray
absorption fine structure spectroscopy (XAFS) beamline P65 at the PETRA III (Deutsches
Elektronen-Synchrotron, DESY, Hamburg). The storage rings of PETRA III were operated at the
electron energy of 6 GeV with a beam current of 100 mA. XAS spectra were recorded in quickXAFS (QXAFS) method in transmission mode using an ionization chamber of Pt foil. The
intensity of the monochromatic X-ray beam was monitored respectively by three consecutive
ionization detectors. All the XAS spectra were processed using DEMETER software package.
The data was normalized and analyzed via using Athena and Artemis software.
3.3.7. Raman Spectroscopy
Raman spectroscopy is a common technique to study the structure of molecules, which is
commonly used in the materials and chemistry fields. In this thesis work, we used Raman
spectroscopy to investigate the transformation of polysulfides and sulfides. The in-situ Raman
cell was bought from Shenzhen Kejing Star. The in situ Raman spectra were collected with a
Renishaw InVia Raman microscope, with excitation at 532 nm laser wavelength and a L50×
objective lens. The spectra were collected in galvanostatic mode when the in-situ Raman cell
was discharged/charged at a current rate of 500 mAg−1 using a computer controller (CHI 660D).
The acquisition time for each Raman spectrum was 60 s, and lower laser power was utilized to
avoid electrode damage during the long-term measurements.
3.3.8. X-ray photoelectron spectroscopy (XPS)
XPS is a commonly surface technique, which is a surface-sensitive quantitative spectroscopic
technique. XPS can be used on a large number of materials and offer the chemical states,
elemental composition, and other valuable quantities. The XPS spectra are recorded by
irradiating the sample with a beam of X-rays, while simultaneously measuring the kinetic energy
and number of electrons. The electrons are usually within an escape depth from 0 to 10 nm of the
analysed material sample. In this work, XPS measurements (PHOIBOS 100 Analyser, SPECS)
were carried out using Al Kα radiation and fixed analyser transmission mode: the pass energy
was 60 eV for the survey spectra and 20 eV for the specific elements. The data was analysed
with Casa XPS software, and these spectra were calibrated by the carbon C 1s peak at 284.6 eV.
3.3.9. In-Situ Synchrotron XRD
Forin-situ synchrotron XRD measurements, the cells are similar to the above-mentioned coin
cells for electrochemical performance testing. To enhance the diffraction peak intensity, a thicker
layer of cathode material was loaded on the Cu foil, with loading up to 5 mg cm−2. To guarantee
that the X-ray beams could penetrate the whole cell and that the electrochemical reactions could
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be monitored, three holes in 4 mm diameter were punched in the negative and positive caps as
well as the spacer. Then, Kapton ﬁlm (only showing low-intensity responses in XRD patterns)
was used to cover the holes in the negative and positive caps, and AB glue was used for
complete sealing. The charged/discharged process was conducted with a battery test system
(Neware) that was connected to the cell.

3.4. Electrode preparation
For Li-S batteries, the slurry was prepared by fully mixing 80 wt. % active materials, 10 wt. %
carbon black, and 10 wt. % PVDF in an appropriate amount of water via a planetary mixer (KK250S). Then, the obtained slurry was pasted on Al foil using a doctor blade to a thickness of 150
µm, which was followed by drying at 80 °C in a vacuum oven overnight. The working electrode
was prepared by punching the electrode film into discs 0.97 cm in diameter.
For Na-S batteries, the slurry for Na-S batteries was prepared by fully mixing 80 wt. % active
materials, 10 wt. % carbon black, and 10 wt. % CMC in an appropriate amount of water via a
planetary mixer (KK-250S). Then, the obtained slurry was pasted on Cu foil using a doctor blade
to a thickness of 150 µm, which was followed by drying at 80 °C in a vacuum oven overnight.
The working electrode was prepared by punching the electrode film into discs 0.97 cm in
diameter.

3.5. Electrolyte preparation
For Li-S batteries, ether-based electrolyte was prepared with a solution of 1.0 M LiTFSI in
DOL/DME in a volume ratio of 1:1 with 2 wt.% LiNO 3 additive was prepared and used in this
thesis.
For Na-S batteries, the carbonate ester electrolyte, a solution of 1.0 M NaClO4 in EC/DEC in a
volume ratio of 1:1 with 5 wt. % FEC was prepared and used in this work. For the ether
electrolyte, a solution of 1.0 M NaClO4 in DOL/DME in a volume ratio of 1:1 with 2 wt. %
NaNO3 was prepared and used in this work.

3.6. Coin-cell assembly
3.6.1. Preparation for Li-S battery
Li foil was employed as anode, Celgard 2500 was used as separator and the electrode was
synthesized with S/C composites. The electrochemical performance was tested on a LAND
Battery Tester with a voltage window of 1.7-2.8 V. All the capacities of cells have been
normalized based on the weight of sulfur.
3.6.2. Preparation for Na-S battery
Na foil was employed as anode, glass fiber was used as separator and the electrode was
synthesized with S/C composites. Electrochemical performance was tested on a LAND Battery
Tester with a voltage window of 0.8-2.8 V. All the capacities of cells have been normalized
based on the weight of sulfur.
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3.7. Electrochemical Measurements
3.7.1. Cyclic voltammetry (CV)
CV is a kind of potentiodynamic electrochemical measurement, which is a common technique
to study the redox reactions in electrochemical systems. When a CV experiment is carried out,
the working electrode potential is varied linearly with time, and it will ramp in the opposite
direction to return to the initial status. In addition, many cycles of ramps are repeated several
times as needed. CV is normally used to investigate the intermediates in the redox reactions, the
products of the reactions, the electron transfer kinetics, and the reversibility of the redox
reactions. The CV in this work were collected on a Biologic VMP-3 electrochemical workstation
with a voltage window of 1.7-2.8 V for Li-S battery and 0.8-2.8 V for Na-S battery.
3.7.2. Electrochemical Impedance Spectroscopy (EIS)
EIS is a very important experimental method to investigate the inner resistance of a system. The
EIS data usually must be interpreted by models including the equivalent electrical circuit
elements, which are made up from capacitors, inductors, and resistors. Thus we could obtain data
on double layer capacitance, ohmic resistance, and charge transfer resistance from EIS. The
impedance spectrum is usually made up of a semicircle at low frequency and a linear tail at high
frequency. The linear tail usually reflects the diffusion of ions from the electrolyte into the
electrode materials. In this thesis work, EIS spectra were recorded on a Biologic VPM3
electrochemical workstation.
3.7.3. Galvanostatic Charge-Discharge
Galvanostatic charge-discharge measurements were carried out to study the specific capacity
and cycling performance of the cathode materials at constant current density in particular voltage
ranges. In this thesis work, the electrochemical performance was tested on a LAND Battery
Tester with a voltage window of 1.7-2.8 V for Li-S battery and 0.8-2.8 V for Na-S battery.
3.7.4. Rate capability
The rate capability of cathode materials was investigated at various current densities. The
charge and discharge specific capacity is equal to the total electron charge in related processes,
which could be analysed from the corresponding current and total time. In this thesis work, the
electrochemical performance was tested on a LAND Battery Tester with a voltage window of
1.7-2.8 V for Li-S battery and 0.8-2.8 V for Na-S battery.
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Chapter 4
4. Efficient separators with fast Li-ion transfer and high
polysulfide entrapment for superior lithium-sulfur batteries
4.1. Introduction
Li-S batteries are inspiring a tremendous number of studies due to the high theoretical capacity
(1600 mAh g-1), low cost, and abundance of sulfur.95-100 Compared with conventional Li/Na-ion
batteries, Li-S batteries have very high theoretical energy density (2600 Wh kg -1).12, 14, 21, 24, 29, 43,
101-103

The practical energy density of Li-S batteries, however, is far below the theoretical value,

which is one of the reasons limiting their practical application. The intrinsic poor conductivity of
sulfur limits charge transfer during electrochemical processes, resulting in sluggish
performance.104-107 Furthermore, LiPSs are easy to dissolve in organic electrolyte and migrate
between the cathode and anode, which is known as the shuttle effect, causing irreversible
capacity loss.107-114 Various strategies have been introduced to try to solve the sluggish redox
kinetics of sulfur, and the dissolution and migration of LiPSs. 115 These approaches are mainly
focused on cathode design, with relatively limited research on separator modification. Various
strategies have been introduced to try to solve the sluggish redox kinetics of sulfur, and the
dissolution and migration of LiPSs. These approaches are mainly focused on cathode design,
with relatively limited research on separator modification. Due to the shuttle effect, separator
plays more important roles in Li-S batteries. Besides the essential function of separating cathode
and anode, well-designed separators are expected to further address the challenge of polysulfide
migration, which can confine the active S species in the cathode side, leading to enhanced
battery performance in terms of capacity, cycling stability, and rate capability. 116-117
The usual separator of Li-S battery is made of non-conductive polypropylene, which separates
the cathode from anode with high electrolyte wettability. 118 Significantly, the separator can play
a more important role in Li-S batteries.119 When a separator is designed with a specific pore-size
dispersion, it can effectively capture soluble LiPSs but allow the transport of Li ions. Therefore,
a well-designed separator can suppress the dissolution and improve the utilization of LiPSs. 120
Recent studies on Li-S separators found that an expanded graphite modified separator was able
to effectively alleviate polysulﬁde shuttling.121 To further address the benefit of two-dimensional
materials towards improving Li-S battery, graphene was applied to modify the separator so as to
achieve improved capacity.122 Pei et al. also found that nitrogen doping of carbon nanosheets was
another way to improve the separator and endow the battery with exceptional reversible
capacity.123 With the emergence of single-atom applications, studies indicated that atomic-scale
metals can be embedded into carbon materials and modify the separators of Li–S batteries.124
Zhang et al. reported a separator modified with single-atom Ni, which confirmed that the strong
affinity between LiPSs and Ni-N bonding enhanced the kinetic conversion of the LiPSs. 51 Apart
from Ni, other transition metals, such as Co and Fe single atoms, also exhibited incredible
catalysis towards LiPSs when they were applied to modify Li-S separators.125 On the other hand,
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various MOFs have been utilized as another type of matrix to effectively modify the
separator.126-131 MOFs feature tunability, porosity, and high specific surface area, so they are
suitable to construct a dense layer retarding the shuttle effect of LiPSs. To further improve the
sluggish kinetics in the Li-S battery, MOFs can be carbonized into conductive frameworks that
are endowed with exceptional conductivity and porous structure.
Herein, a carbonized MOFs composite, Co-C polyhedrons, is utilized to modify separators,
which feature high conductivity, better electrolyte permeation, and fast Li-ion transport
pathways.132 The implanted Co nano-nodes also work as catalyst sites offering strong chemical
adsorption of soluble LiPSs. We have successfully developed a facile vacuum-filtration approach
to load the Co-C polyhedrons onto the separator (denoted as Co-C@separator) for advanced Li-S
battery. The hierarchal porous structure and component complexity of the Co-C layer are vital:
First, intragranular pores among the Co-C polyhedrons improve the electrolyte permeation and
serve as high Li-ion transport pathways. Second, mesopores/micropores of the carbon
frameworks can physically trap LiPSs. Finally, the Co nano-nodes provide strong chemical
adsorption toward soluble LiPSs. With the multi-functional Co-C@separator, a sulfur-rich
cathode (72 % S) achieved outstanding cycling stability (675 mAh g -1 after 300 cycles at 0.1 A g1

) and rate performance (401 mAh g-1 after 600 cycles at 1.0 A g-1) in Li-S batteries.

4.2. Experimental Section
4.2.1. Samples preparation
Preparation of Co-C polyhedrons: In a typical procedure, Co(NO 3)2·6H2O (6.4 mmol) and 2methylimidazole (3.2 mmol) were dissolved in 80 ml methanol and stirred for 5 min. After aging
for 12 h, the as-obtained precipitates were centrifuged, washed with ethanol several times and
dried in vacuum at 70 °C overnight. The as-obtained purple powder was annealed at 600 °C for 3
h with a heating rate of 2 °C/min in N2.
Preparation of Co-C @separator with different thickness: In a typical procedure, 20 mg of Co-C
polyhedrons and 5 mg PVDF binder are dispersed in 10 ml NMP solvent. After 30 min
ultrasonic dispersion, the resulting black solution is poured onto a piece of Celgard 2500
separator under vacuum filtration. The resulting Co-C@separator is dried out in 80 °C vacuum
oven and the used NMP solvent can be recycle for the next time. According to SEM test, the
thickness of Co-C@separator is 4 μm. Different thickness of Co-C@separator with 2 μm and 6
μm can be prepared when we change the mass of Co-C polyhedrons and PVDF binder to 10 mg
and 2.5 mg; 30 mg and 7.5 mg, respectively.
Preparation of C polyhedrons: The as-prepared Co-C polyhedrons is dispersed in a bottle of 0.1
M dilute sulfuric acid and stirred for 12 h. The resulting powder is washed for several times until
PH=7 and then dried out for further use.
Preparation of C@separator: In a typical procedure, 20 mg of C polyhedrons and 5 mg PVDF
binder are dispersed in 10 ml NMP solvent. After 30 min ultrasonic dispersion, the resulting
black solution is poured on a piece of Celgard 2500 separator under vacuum filtration. The
resulting Co-C@separator is dried out in 80 °C vacuum oven after all of NMP solvent is filtrated
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out.
Preparation of cathode materials: 130 ml isopropyl alcohol and 12 ml deionized water were
stirred for 10 min, followed by the addition of 6.7 ml NH 4OH (30 %) and 4 ml tetraethyl
orthosilicate. The resulting dispersion was vigorous stirred for 2 h and then treated by
centrifugation and drying to collect the SiO2 product. 0.4 g of the resulting SiO2 was dispersed
by ultrasound in a solvent consisting of 14 ml deionized water and 6 ml EtOH. After 0.5 h of
ultrasonication and 1 h of stirring, 0.6 g cetyltrimethylammonium bromide (CTAB), 0.7 g
resorcinol (R), and 200 μl NH4OH were added sequentially. The mixture was stirred for 0.5 h at
35 °C, and then 100 μl formalin (F) was ﬁnally added. After continually stirring for 6 h and
polymerization via ageing overnight, the obtained SiO2@RF nanoparticles were collected by
centrifugation and washed three times with deionized water and alcohol. After annealing at 600
°C for 3 h in N2 atmosphere, the C@SiO2 was etched away by 2 M NaOH solution, resulting in
hollow C particles. The hollow C was mixed with sulfur powder in a mass ratio of 1:3,
respectively, and the mixed powder was heated at 155 °C for 12 h, resulting in the sulfur-rich
cathode material.
Preparation of Li2S6 solution: 0.01 M Li2S is dispersed in DOL/DME solvent (1:1 volume ratio)
with the addition of 0.05 M sulfur powder. The mixture is stirred in glove box until the colour
turns into yellow. After that, the as-prepared Li2S6 electrolyte can be used to prove the physcal
confinement and chemcial adsorption of Co-C@separator toward Li2S6.

4.2.2. Electrochemical measurement
The electrochemical tests were conducted by assembling 2032 coin-type half-cells in an argonﬁlled glove box. The slurry was prepared by fully mixing 80 wt% cathode materials, 10 wt%
carbon black, and 10 wt% PVDF in an appropriate amount of NMP via a planetary mixer (KK250S). Then, the obtained slurry as pasted on Al foil using a doctor blade with a thickness of 150
µm, which was followed by drying at 60 °C in a vacuum oven overnight. The working electrode
was prepared by punching the electrode ﬁlm into discs 1.2 cm diameter. The loading of sulfur is
around 2 mg cm-1 in each electrode. Lithium foil was employed as both reference and counter
electrode. The electrodes were separated by a polypropylene separator or a Co-C@separator,
which is 2.8 cm in diameter with the loading of Co-C polyhedrons around 0.05 mg cm-2. The
electrolyte consisted of 1 M LiTFSI and 2 wt% LiNO 3 in DOL/DME = 1:1 v/v. About 15 μl of
electrolyte was added to each coin cell via a microliter syringe. The electrochemical performance
was tested on a LAND Battery Tester with a voltage window of 1.7–2.8 V. All the capacities of
cells have been normalized based on the weight of sulfur. CV was performed using a Biologic
VMP-3 electrochemical workstation. The Li2S6 solution was prepared by adding sulfur and Li2S
powder into a mixed solution (DOL/DME = 1:1) with stirring for 2 h. Calculation of lithium ion
diffusion coefficient: In order to explore the lithium diffusion properties, we performed CV
measurements under different scanning rates. All cathodic and anodic peak currents are linear
with the square root of scan rates, from which the lithium diffusion performance can be
estimated using the classical Randles Sevcik equation:
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1. Ip= (2.69×105)n1.5AD0.5CV0.5
Where Ip is the peak current, n is the charge transfer number, A is the electrode area, D refers to
the lithium ion diffusion coeffcient, C is the Li + concentration, and V is the scan rate.

4.3. Results and Discussion

Figure 4.1 Schematic illustration of the function of Co-C@separator: intragranular pores
between Co and the carbon framework serve as high Li-ion transport pathways, while
mesopores/micropores of the carbon frameworks and Co nanonodes can physically and
chemically trap LiPSs.

Figure 4.1 illustrates the function of the Co-C@separator, which is fabricated by a facile
filtration strategy to construct a dense carbon layer on the pristine polypropylene separator. Here,
we choose Co-C polyhedrons in our study, which feature a hollow but nanoporous carbon
structure. The carbonized MOFs have high specific surface area and conductivity, making them
suitable to serve as high Li-ion transport pathways. Meanwhile, the mesopores/micropores on
carbon frameworks can physically confine LiPSs and prevent them from shuttling through the
separator, which effectively improves the cycling capacity. Besides, the doped Co nano-nodes
feature strong chemical adsorption toward LiPSs, which has been confirmed and successfully
applied in Li-S cathode materials. Therefore, we use it to modify the separator to enable it to
chemically bond with LiPSs, further suppressing the shuttle effect of LiPSs.106 Regarding its
preparation process, the as-prepared Co-C polyhedrons are evenly dispersed in NMP solvent and
directly constructed a dense layer on the Li-S separator via vacuum filtration. Our study found
that the commercial separator (Celgard 2500) can allow NMP solution to penetrate through it,
and therefore, the separator can take the place of filter paper and be directly covered with porous
materials. Moreover, the used NMP solvent can be recycled for the next time, which is
environmentally friendly. Compared with the normal coating method, vacuum filtration can
prepare a dense but porous layer under the pressure of vacuum filtration. The modified separator
can be directly applied to prepare battery coin cells after it is dried out and cut into suitable size.
During cycling, the modified separator allows small Li ions to shuttle by, but physically blocks
the big-molecule-like crystalline Li2S and long-chain LiPSs. Meanwhile, the Co nano-nodes
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chemically bond with the LiPSs, further suppressing the shuttle effect of LiPSs.
As shown in Figure 4.2a, the Co-C separator is fabricated via facile vacuum-filtration strategy
(Figure 4.3). This vacuum-filtration strategy was a facile way to apply a dense but flexible
carbon coating layer on the surface of the separator. The modified Co-C@separator achieved
better electrolyte permeation compared to pristine separator (Figure 4.4). Electrolyte permeation
is an important parameter in battery system. When the electrolyte permeation is not good, the ion
transmission path will become farther, which hinders the shuttle of lithium ions between anode
and cathode. At the same time, the interface resistance of battery increases, resulting in poor
stability, unstable rate performance and even short life of battery cell. According to the SEM
images, we can clearly see horizontal and cross-sectional views of the Co-C@separator (Figure
4.2b and c). The porous Co-C polyhedrons are evenly dispersed on the surface of the separator
forming a dense carbon layer with the thickness around 4 μm. This dense carbon layer changes
the pore volume of the modified separator making it smaller and more suitable for the Li-S
battery.

Figure 4.2 (a) Representative image of Co-C@separator; (b) and (c) SEM images of surface and
cross-section, respectively, showing the porous Co-C polyhedrons constructing a dense layer on
separator. (d) and (e) STEM images of Co-C polyhedrons. (f) STEM image of surface dispersion
of Co-C polyhedrons. (g) HRTEM image of the surface dispersion on a Co-C polyhedrons. (h)
EDS mapping of the Co-C polyhedrons.
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Figure 4.3 (a) The vacuum filtration device used for preparing the Co-C@separator; (b) the asprepared Co-C@separator, which can be directly used to prepare battery cell after drying out.

Figure 4.4 (a) Image of contact angle between electrolyte and pristine separator after 2 μL
electrolyte dropped onto pristine separator and staying for 2 s; (b) Image of contact angle
between electrolyte and 4 μm Co-C@separator after 2 μL electrolyte dropped onto CoC@separator and staying for 2 s.

Pristine commercial separator (microporous polypropylene, Celgard 2500) features a pore
volume from 200 to 300 nm, which is so big that it allows both lithium ions and LiPSs to pass
through. If LiPSs shuttle through the separator causing the so-called ‘shuttle effect’, the
reversible capacity of battery will sharply drop, so that it cannot meet the needs of practical
application. By means of general vacuum filtration, a pristine separator can be reconstructed by
using any porous material, so as to decrease the pore size, physically preventing the shuttle
effect. According to the BET analysis (Figure 4.5), the pore volume of Co-C polyhedrons mainly
ranges from 2.2 to 10 nm. When these polyhedrons form a dense layer on the separator, the
LiPSs have to pass through the nanoscale holes before shuttling by. Therefore, long-chain LiPSs
and crystalline Li2S that feature big sizes will be physically confined on this carbon layer. To
study the microstructure of the Co-C polyhedrons, STEM was employed. The observed Co-C
polyhedrons showsa porous but hollow structure, and their particle size is around 1 μm (Figure
4.2d and e).
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Figure 4.5 (a) BET isotherm shows that the specific surface area of the Co-C polyhedrons is 512
cm3 g-1; (b) the pore area is 2.3, 4.8, 6.7, 19.0, 103.5, 237.7, and 23.3 cm 3 g-1 for the pore sizes
from > 100 nm, to 40-100 nm, 20-40 nm, 10.5-20 nm, 5.2-10.5 nm, 2.2-5.2 nm, and < 2.2 nm,
respectively.
The structural conversion from solid to hollow polyhedrons can be attributed to the diﬀusion
eﬀect during the carbonization process. Speciﬁcally, the surface temperature of Co-C
polyhedrons is a relatively higher than the inner due to the hysteresis of heat conduction. As
annealing temperature reaches to carbonization temperature, a layer of carbon is firstly formed
on the surface, which acts as a physical barrier to isolate inner polymer. Due to outward diﬀusion
of metal ion, the inner Co2+ ions are gradually reduced into Co nano-nodes on the surface of
carbon shell, resulting in a hollow structure.133 The big size of the Co-C polyhedrons ensures that
they remain on the top of the pristine separator blocking the big holes. When we look deeply into
the Co-C polyhedrons, it is evident that a number of nano-nodes (Figure 4.2f) are finely
dispersed on the surface. According to the high-resolution transmission electron microscope
(HRTEM) image (Figure 4.2g), these nano-nodes are crystalline Co with lattice spacing of 2.05
Å which can be indexed to the (111) planes (JCPDF: 00-015-0806), consistent with the powder
X-ray diffraction (XRD) result (Figure 4.6). Meanwhile, a porous framework of amorphous
carbon holds the Co nano-nodes. Moreover, the energy dispersive spectroscopy (EDS) elemental
mappings (Figure 4.2h) of the Co-C polyhedrons demonstrate the uniform dispersion of Co
nano-nodes over the carbon matrix, in which nitrogen is evenly embedded into the porous
structure. The porous carbon structure can physically confine the penetration of LiPSs, while the
Co nano-nodes improve the conductivity and offer strong chemical adsorption toward LiPSs,
further confining them and preventing their shuttle effect.

Figure 4.6 Powder XRD spectrum of the Co-C polyhedrons, showing that the peaks correspond
to Co (JCPDF: 00-015-0806).
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To investigate the cycling performance of the Co-C@separator, we applied the sulfur-rich
carbon composite as the cathode material, in which sulfur accounted for 72 % of total mass
according to the elemental calculation and TGA curves (Figures 4.7 and 4.8). Lithium foil
functions as the anode material, while the electrolyte is 1 M LiTFSI and 2 wt% LiNO3 in
DOL/DME = 1:1 v/v.

Figure 4.7 (a)-(d) STEM images of the cathode materials; (e) EDS mapping of the cathode
materials, in which there are mainly 4 elements: C, N, O, and S; (f) calculation of the EDS
spectrum shows that S accounts for over 70 % of the total mass.

Figure 4.8 TGA curve of the cathode material, showing that the mass of sulfur accounts for 72
%.

As shown in Figure 4.9a, the electrode with pristine separator only delivers a reversible
capacity of 278 mAh g−1 after 300 cycles due to the serious shuttle effect. In comparison, the
cathode with C@separator realizes a high capacity of 530 mAh g-1, indicating the benefit of
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carbon polyhedrons for physically confining soluble LiPSs. When Co nano-nodes component
further introduced, the cell with Co-C@separatorexhibits outstanding performance, showing a
stable cycle life with exceptional capacity of 675 mAh g −1 after 300 cycles. By virtue of the Co
catalysts, the Co-C@separator effectively suppresses serious shuttle effect of LiPSs and
enhances the reaction kinetics of the absorbed LiPSs, exhibiting a superior electrochemical
performance compared to the C@separator. The cells with the pristine separator and the
C@separator show similar initial discharge capacity, but the one with C@separator maintains
relatively high capacity in the following rounds, indicative of high amount of active S species.
The porous structure of the carbon polyhedrons physically retards the shuttle effect of LiPSs.
Therefore, the LiPSs can block at the cathode side by the C@separator and provide relatively
stable capacity.83 By contrast, the Co-C@separator shows the highest CE (83 %) and reversible
capacity after prolonged cycles. The enhanced performance is benefited from the catalysis of Co
nano-nodes in Co-C@separator, which provide strong chemical adsorption and high conversion
efficiency toward LiPSs.134

Figure 4.9 (a) Cycling performance at 0.1 A g-1, (b) cycling performances at 1.0 A g-1, and (c)
rate performances of S cathodes with Co-C@separator, C@separator and pristine separator. (d)
EIS spectra of S cathodes with Co-C@separators, C@separator and pristine separators, with the
inset showing the equivalent cirucuit used to interpret the results. (e) Charge-discharge profiles
of the S cathode with the Co-C@separator. (f) CV profile for the Co-C@separator at different
scanning rate.
When the current density is as high as 1.0 A g-1, the trend toward optimization of the CoC@separator becomes more obvious. The S cathode with Co-C@separator delivers 401 mAh g-1
after 600 cycles, while the value is only 290 and 148 mAh g-1 for that with the C@separator and
pristine separator (Figure 4.9b). Remarkably, the S cathode with Co-C@separator shows stable
long-term cycling compared with the results previously reported; the high sulfur loading and
relatively low dosage of electrolyte enable the system promising toward practical applications
(Figure 4.10 and Table 4.1).126, 135-137
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Figure 4.10 Comparison of the cycling capacities of previously reports of modified separator in
lithium-sulfur batteries with our work.126, 135-137

Table 4.1 Comparison of cycle performances between previously reports and our work.
Samples

S mass

Performance

This work

2.0 mg cm-2

401 mAh g-1
1 A g-1
600 cycles

1.2 mg cm-2

Ti3C2Tx MXene

640 mAh g-1
1C
200 cycles

1.5 mg cm-2

CoP nanosphere

772 mAh g-1
0.5 C
200 cycles

1.15 mg cm-2

N-doped carbon nanotubes

774 mAh g-1
1C
250 cycles

-2

Y-FTZB frameworks

1.0 mg cm

557 mAh g-1
0.25 C
300 cycles

The Co-C@separator exhibits prominent rate capability under various cycling rates from 0.2 A
g-1 to 3.0 A g-1, as shown in Figure 4.9c. As cycling rate increased to 3.0 A g-1, the CoC@separator attains a high discharge capacity of 260 mAh g-1 in comparison to the pristine
separator with only 126 mAh g-1. This result evidently indicates that the Co-C@separator can not
only block the shuttle effect through the strong chemical adsorption and physical confinement of
LiPSs, but also accelerate the redox kinetics of polysulfides in the liquid phase because of the
good conductivity of Co-C polyhedrons. In particular, when the cycling rate switches back to 0.2
A g-1, the capacity of Co-C@separator recovers to 525 mAh g-1 but the pristine separator gets
only 98 mAh g-1 after 100 cycles indicating good redox kinetics and high restriction of soluble
LiPSs on the Co-C@separator. Therefore, the Co-C modified separator can effectively improve
the reversible capacity and stability.
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Figure 4.11 Cycle performance of coin cells with different S loading of electrode under the same
condition of modified Co-C@separator with 4 μm thickness and 20 μL electrolyte in each cell.

Figure 4.12 Cycle performance of coin cells with different dose of electrolyte with modified CoC@separator in 4 μm thickness and 2 mg cm-2 S loading in each electrode at current density of
1.0 A g-1.

Besides, we also study the impacts of the sulfur loading and the dose of electrolyte (Figure
4.11) for battery performance. Under the same condition of 4 μm thickness of Co-C@separator
and 20 μL electrolyte, the electrodes with sulfur loading of 1, 2 and 3 mg cm-2 show reversible
capacity of 568 mAh g-1, 536 mAh g-1 and 470 mAh g-1, respectively, after 100 cycles at current
density of 1.0 A g-1. The reversible capacity decreases along with the increase of sulfur loading
because most of LiPSs can dissolve into electrolyte when sulfur loading is low, resulting in high
amount of active S species.138 Moreover, the dose of electrolyte used in each coin cell is also
studied (Figure 4.12). The electrode with only 10 μL electrolyte shows an unstable performance
and fast battery failure after 40 cycles, indicating the poor wettability will directly impair battery
cyclability. As electrolyte increased to 20 μL, the reversible capacity rises to 534 mAh g-1 after
100 cycles at current density of 1 A g-1. When electrolyte further increased to 30 μL, it does not
show significant improvement. Therefore, the amount of electrolyte and sulfur loading is 20 μL
and 2 mg cm-2, respectively, which is applied to study the modified separators in this work.
Based on the condition of 2 mg cm-2 sulfur loading and 20 μL electrolyte, we further study the
impact of separator thickness on cycle performance. As shown in Figure 4.13, the CoC@separators with the thickness of 2, 4 and 6 μm display different cycling performance in Li-S
coin cell. The 2, 4 and 6 μm thickness of the Co-C polyhedrons layer show reversible capacity of
358, 533 and 576 mAh g-1 after 100 cycles at 1.0 A g-1. It is evident that the cathode with 6 μm
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separator achieves the highest capacity retention and cycling stability, because the thick layer of
Co-C polyhedrons covers most of voids in commercial separator. Although the coin cell with 6
μm separator delivers the highest accessible capacity, the cell tends to deliver low specific
energy due to the increasing mass of separator. Besides, if the thickness of the Co-C polyhedrons
layer is too low (~2 μm), the modified layer cannot fully cover the commercial separator, leaving
a lot of voids which result in large pore size and the shuttle effect of polysulfide. The large pore
size allows polysulfide intermediates to shuttle to the Li anode, causing poor reversibility of
cycling performance.

Figure 4.13 Cycle performance of coin cells with different thickness of modified CoC@separator in 2, 4 and 6 μm thickness. 20 μL electrolyte and 2 mg cm-2 S loading are applied
in each electrode tested at current density of 1.0 A g-1.
Comparing their EIS in Figure 4.9d, we find that the charge-transfer resistance is 153 Ω for the
Co-C@separator and 216 Ω for C@separator but 305 Ω for the pristine separator according to
the Randles equivalent circuit (inset). The different Rct of the Co-C@separator and the pristine
separator indicate that the Co-C polyhedrons can not only block LiPSs, but also improves the
conductivity for the cathode materials. In terms of the charge-discharge process (Figure 4.9e),
there are two voltage platforms in the 1 st discharge process as the voltage drops to 2.4V and 2.1
V. These platforms correspond to the transition from solid sulfur to long-chain polysulfides and
long-chain polysulfides to the short chain.139 During the charge process, there is a voltage
platform located at around 2.4 V, at which most of the short-chain LiPSs transform into longchain LiPSs and the initial CE reaches 83 %.140 In comparison, the pristine separator delivers a
relatively low CE of 71 % (Figure 4.14).

Figure 4.14 Charge-discharge profile of the S cathode with the pristine separator.
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Figure 4.15 CV curves for the Co-C@separator at 0.1 mV s-1.

During the following discharge, the voltage platform appears at 2.4 V corresponding to the
reaction of lithium ion with long-chain LiPSs.141 As the voltage drops down to around 2.1 V,
long-chain polysulfides split into short chains, contributing a majority of the capacity.142
Therefore, the reversible reaction between Li2S and long-chain LiPSs plays an important role in
the reversible capacity. In terms of the CV curves (Figure 4.15), the Co-C electrode shows two
prominent peaks at around 2.4V and 2.1 V during the ﬁrst cathodic scan. These peaks are
consistent with the 1st discharge platform. In the following anodic scan, one dominant peak
appears at around 2.4 V, which is in accordance with the voltage-capacity platform during the
charging process. To study the lithium ion diffusion in Co-C@separator, CV profiles at different
scanning rates are performed (Figure 4.9f). There are two peaks (C1 and C2) during the cathodic
scan and one dominant peak (A1) during the anodic scan. A similar profile is also displayed in
the cell with pristine separator (Figure 4.16). The lithium diffusion coefficients in the two types
of separator are calculated based on Randles–Sevcik equation at a series of CV scanning rates
(Figure 4.17). It is clear that the slopes in Co-C@separator are much steeper than those in
pristine separator indicating a better diffusion of lithium ion in Co-C@separator. To study the
chemical changes during cycling, XRD, Raman spectroscopy and XPS were employed.

Figure 4.16 CV profile for the pristine separator at different scanning rate.
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Figure 4.17 (a-c) Linear fits of the Ip/V1/2 at C1, C2 and A1 peaks for the pristine separator and
Co-C@separator; (d) Corresponding slope value of I p/V1/2.

Figure 4.18 (a) XRD spectra and (b) Raman spectra of Co-C polyhedrons which were stripped
from Co-C@separator when the coin-cells were in the pristine state, discharged to 1.7 V, and
charged to 2.8 V. (c) Li 2p, (d) Co 2p and (e) S 2p regions of XPS spectra when the half coincells were in the pristine state, discharged to 1.7 V, and charged to 2.8 V.

According to the XRD spectra (Figure 4.18a), the Co-C@separator shows a dominant peak at
44.2° corresponding to the Co (111) planes (JCPDF: 00-015-0806) in the pristine state. As the
voltage drops down to 1.7 V, three new peaks appear at 27.1°, 44.8°, and 53.1°, which is
consistent with the Li2S (111), (220), and (311) planes (JCPDF: 00-023-0369). This result
indicates that the Co-C@separator can effectively prevent Li2S from penetrating the separator
and keep it in the carbon layer.143 As the voltage charges back to 2.8 V, these peaks
corresponding to Li2S disappear, indicative of a reversible reaction between LiPSs and Li 2S. The
reversible conversion of Li2S ensures reversible capacity during long-term cycling.107 The
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Raman spectra also confirm the reversible conversion between LiPSs and Li 2S. More
importantly, it shows that the dominant LiPSs are amorphorus Li 2S6 when the voltage charges
back to 2.8 V.144 Moreover, the ex-situ XPS results further reveal the sulfur-storage mechanism
of the Co-C@separator. In the XPS spectra of the Li region (Figure 4.18c), a peak located at 54.6
eV appears as the voltage drops down to 1.7 V. This peak corresponds to Li 2S, indicating the
intercalation of Li results in Li2S.145 The Li2S adsorbs onto Co-C polyhedrons showing the
confinement of shuttle effect. As the voltage is charged back to 2.8 V, the peak shifts to the
location of 55.5 eV corresponding to Li 2S6.146 The conversion from Li2S to Li2S6 indicates the
extraction of Li during charging process. With respect to the Co region (Figure 4.18d), two peaks
corresponding to Co 2p1/2 and Co 2p3/2 are detected at 794.4 and 779.6 eV, respectively, in the
pristine state. During the discharge process, lithium-ion insertion leads to the formation of longchain LiPSs. As the voltage decreases to 1.7 V, a new peak corresponding to Co-S bonds appears
at 782.8 eV, indicating chemical interaction between LiPSs and Co nano-nodes.147 At this
voltage, most of LiPSs have split into short-chain Li2S, and the Co-S bonding is mainly between
Co nano-nodes and Li2S. The Co-S bonding indicates that Co has strong adsorption toward Li 2S,
which can not only retard the shuttle effect, but also improves the conductivity of Li2S benefiting
its reversibility in the following charge process. As the voltage is charged back to 2.8 V, the
intensity of the Co-S bond decreases, indicative of the transition from Li2S to LiPSs. During the
whole cycling process, the locations of Co 2p1/2 and Co 2p3/2 stay at 794.4 and 779.6 eV,
respectively, which suggests the intercalation of Li will not have influence on Co metal. This
result is also proven by previous reference. 148 Regarding the S region (Figure 4.18e), four peaks
located at 166.3, 164.7, 163.5, and 162.6 eV appear as the voltage drops down to 1.7 V. These
peaks correspond to CoSx, S 2p1/2, S 2p3/2, and Li2S, respectively.149 As the voltage is charged
back to 2.8 V, the peak situated at 162.6 eV disappears, indicating that most of the Li 2S has been
reacted into LiPSs with the increasing intensity of the S 2p 1/2 and S 2p3/2 peaks, which further
proves that there is a reversible conversion in lithium polysulfides. The CoSx peak indicates
bonding between Co and S, which is corresponding to previous result. Based on the chemical
analysis, we find that the majority of long-chain LiPSs are in the form of Li2S6, and the
reversible conversions between Li2S and Li2S6 dominate the charge-discharge process,
contributing a large amount of reversible capacity for the Li-S battery.

Figure 4.19 Simple device is formed by filling a bottle withLi2S6 electrolyte, covering it with a
separator, and tightening on the bottle cap, which has a hole bored through it.
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Figure 4.20 Visualization of the polysulfide diffusion using (a) the pristine separator and (b) the
Co-C@separator. (c) UV-vis spectra of the electrolyte after 30 min after the conversion to Li 2S6.
(d) STEM images and (e) elemental mapping of the Co-C polyhedrons of Co-C@separator after
500 cycles at 1.0 A g-1. (f) HRTEM of surface dispersion of Co-C polyhedrons from the CoC@separator after discharge to 1.7 V.

In order to visually confirm that Co-C@separator can effectively block LiPSs, we ran a simple
experiment as describedbelow: Firstly, we dug a hole on the top of each of two bottle caps with
same size. Then, we filled two bottles with the same Li 2S6 electrolyte and put the pristine
separator and the Co-C@separator on top of them, respectively, before finally tightening the
bottle caps over them (Figure 4.19). In Figure 4.20, these two bottles are placed upside down in
pure mixed electrolyte (DOL/DME = 1:1). There is pristine separator (on the left) and CoC@separator (on the right) preventing the Li2S6 electrolyte from getting out of the bottle. If Li2S6
electrolyte can go through the separator, the electrolyte on the outside will become yellow. After
standing for 30 minutes, the left-hand Li2S6 electrolyte evidently shuttles through the pristine
separator and makes the outside electrolyte yellow. In comparison, when isolated by the CoC@separator, the right-hand Li2S6 electrolyte find it difficult to get out, and therefore, the
outside electrolyte remains colorless. This experiment visually proves that Co-C@separator can
effectively confine Li2S6 which is the main composition of LiPSs according to previous chemical
tests. In addition, UV-vis spectroscopy was applied to further confirm the transparency of the
electrolyte (Figure 4.20c). The low intensity in the Co-C@separator demonstrates its visible
separation capability for Li2S6 by the transparent color of their outside solution. In contrast, the
outside electrolyte of the pristine separator turns out to have relatively high intensity in its
ultraviolet-visible spectrum, indicating that Li2S6 can easily penetrate through the separator. The
Co nano-nodes as catalyst sites can not only show strong chemical absorption toward
polysulfides but also accelerate their subsequent conversion process. A control sample without
Co nano-nodes, but only C polyhedrons, is prepared to highlight the electrocatalytic effect of Co
nano-nodes (Figure 4.21).
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Figure 4.21 Blank Li2S6 solution, Li2S6 solution with C polyhedrons, and Li 2S6 solution with
Co-C polyhedrons l (a) before and (b) after 30 mins; (c) UV-vis spectra of the Li2S6 solution
after contacting the C polyhedrons and Co-C polyhedrons for 30 mins.

Firstly, Co-C polyhedrons and C polyhedrons are dispersed into two bottles of Li 2S6 solution,
respectively. After 30 mins, the Li2S6 solution with Co-C polyhedrons shows much lighter colour
while the counterpart with C polyhedrons does not change the colour. Accordingly, the
ultraviolet-visible spectrum of the solution with Co-C polyhedrons has less intensity of Li2S6
than that with C polyhedrons, indicating the Co nano-nodes can effectively adsorb Li2S6. To see
the real function of the Co-C@separator in the battery cell, we took apart the coin cell after 500
cycles at 1.0 A g-1 and dispersed the Co-C@separator in electrolyte with ultrasonic dispersion to
isolate the Co-C polyhedrons, which were then studied by TEM. After 500 cycles the Co-C
polyhedrons remained in a stable microstructure, which is very important to prevent LiPSs from
penetrating through the separator. According to the EDS mapping, the porous polyhedrons not
only maintained their robust carbon structure, but also were able to store lithium and sulfur
within their nano-pores. Each nano pore functions as a sieve to block the LiPSs going through
the separator, which massively improves the reversible capacity of the lithium-sulfur battery. The
high-resolution TEM images also show that crystalline Co and Li 2S are embedded in the Co-C
polyhedrons after 500 cycles and discharge to 1.7 V. Both Co and Li 2S crystals maintain stable
structures while the Co (200) and Li2S (220) planes are detectable. It is clear that Co has a strong
affinity toward Li2S, which is consistent with previous XPS results. Co-C polyhedrons offers
good conductivity and strong polysulfide adsorption to LiPSs. Good conductivity is important to
improve redox kinetics. As we know, sulfur and its reduction products are non-conductive and
they have a slash reaction kinetics. Conductive Co-C polyhedrons which blocks LiPSs in the
porous carbon structure, plays an important role in increasing the conductivity of sulfur
compounds, therefore, improving reaction kinetics. Moreover, the strong polysulfide adsorption
of Co-C polyhedrons can limit the shuttle effect. Without the modification of Co-C polyhedrons,
soluble LiPSs cause severe redox shuttle between the sulfur cathode and Li anode, which results
in a low CE and a fastly self-discharge rate for storage. If LiPSs shuttle to Li anode, the
dissolved LiPSs can be electrochemically and chemically reduced by Li. These parasitic
reactions cause serious problems such as consuming active sulfur species, corroding Li anode
and polarizing Li anode once the insoluble Li2S and Li2S2 are formed and deposited on the Li
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surface. Benefited from the physical confinement and chemical adsorption of Co-C@separator,
the battery cell shows significant improvement on reversibility and stability.

4.4. Conclusions
This work demonstrates a facile and general approach to designing high-efficiency separators
for lithium−sulfur batteries. Through the vacuum-filtration strategy, conductive and porous
materials can form a condensed layer on a separator, which can significantly decrease the pore
volume of the separator from 200-300 to 2.2-10 nm. By virtue of the high Li-ion transfer, good
electrolyte permeation and high polysulfide entrapment of the modified Co-C@separator, S
cathode exhibits superior electrochemical performance from the aspects of outstanding cycling
stability and high rate capability. This approach holds great promise for the general interception
strategy involving various porous materials for separator modification to improve the
performance of S cathodes in lithium-sulfur batteries.
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Chapter 5
5. Electrocatalyzing S cathodes via multisulfiphilic sites for
superior room-temperature sodium-sulfur batteries
5.1. Introduction
Room-temperature Na-S (RT-Na/S) batteries are emerging as a high-capacity sodium-ion
storage system.150,141 Their high theoretical energy density (1274 Wh kg-1) and cost efficiency
make RT-Na/S batteries a compelling choice for large-scale energy storage applications.107,14 The
RT-Na/S batteries tend to show very frustrating Na-storage performance, however; the huge
volume change of S during sodium insertion/extraction process has serious impact on the
stability of its porous host.151,152 Meanwhile, its poor conductivity and sluggish kinetics with
sodium result in a low utilization rate of S, which is similar to the properties of transition metal
oxides.82, 153-154 In addition, the resultant sodium polysulfide intermediates are very intractable
during discharge/charge processes, because they are highly prone to migrate into the electrolyte,
leading to serious loss of active S during sodiation/desodiation. 155,51 These unavoidable
conditions hinge to the practical application of RT-Na/S batteries.14 To manage these problems,
an effective S cathode is designed with stable and conductive structure and sulfiphilic site. 21-143
Micro-structural manipulation is one of effective ways to improve the poor conductivity of
sulfur host.156 Chen et al.157 employed stable carbonaceous matrixes with N-doping to address
the fatal flaws in terms of low S kinetics and serious polysulfide dissolution. 158 Beyond
conventional C backbones, the introduction of sulfiphilic sites are drawing extensive attention,
which not only possess strong polar-polar interaction for polysulfide immobilization, but also are
capable of high electrocatalytic activity toward polysulfide conversion.154 To date, only a few of
sulfiphlic sites have been reported, such as transition metals (atomic Co, 81 Fe/Ni/Cu clusters159),
MnO2160 and NiS2.43 Amongst, it is notice that the NiS2 active sites are the most effective due to
the impressive adsorption energy for polysulfides. It should be noticed that metallic sulfides can
serve as multi-functional active sites for S sites based on their different electronic structure and
binding capability.155 And it is promising to multiply enhance cycle performance in RT-Na/S
batteries.161 But so far, there is no report on the application of multisulfiphilic sites as active sites
for S cathodes yet.101
Herein, we successfully developed a core-shell nanoarchitecture and multisulfiphilic cathode
(denoted as Core-shell ZCS@S) for RT-Na/S batteries. The core-shell nanostructure is vital:
first, mesoporous cores derived from metal-organic frameworks serve as nano-reactors to store
active S with good conductivity. Second, the hollow space between the cores and the shells is
favorable to improve the structural integrity by accommodating the expansion of active S during
the discharge process, therefore, makes sure a stable microstructure. Third, the microporous
carbon shells can physically confine S in the core region and guarantee solid-state conversion
reactions between S and Na2S. Beyond the exceptional functions of the C backbone,
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multisulfiphilic sites (ZnS and CoS2) which function as active sites for sodium polysulfide.
Significantly, both CoS2 and ZnS exhibit strong absorption toward sodium polysulfides while
ZnS can effectively decrease energy barrier from short-chain polysulfides to the long-chain
during charged process. Therefore, the electrocatalysing S cathodes achieve cycling stability
(570 mAh g-1 after 1000 cycles at 0.2 A g-1), outstanding rate performance (250 mAh g-1 after
2000 cycles at 1.0 A g-1) and ultrahigh energy density of 384 Wh kg-1 toward practical
application.

5.2. Experimental Section
5.2.1. Samples preparation
Synthesis of Carbonized Zn, ZC and Co-MOFs. For Zn-MOFs: 6 mmol Zn(NO3)2·6H2O
dissolves in 30 ml MeOH and 24 mmol 2-methylimidazole is dispersed in 30 ml MeOH,
respectively. After mixed the above two solvents together, the resulting mixture is aged for 12
hours at ambient condition following with centrifugation and drying for collecting product. The
final powder is annealed at 600 °C for 2h with the heating rate of 2 °C min -1 at N2. ZC-MOFs
was produced with different prescription of 3 mmol Zn(NO 3)2·6H2O and 3 mmol
Co(NO3)2·6H2O in 30 ml MeOH, 36 mmol 2-methylimidazole in 40 ml MeOH and annealed at
530 °C for 2h with the heating rate of 2 °C min-1 at N2. Co-MOFs prepared with 6 mmol
Co(NO3)2·6H2O in 40 ml MeOH, 48 mmol 2-methylimidazole in 45 ml MeOH and annealed at
600 °C for 2h with the heating rate of 2 °C min-1 at N2.
Synthesis of Core-shell Structure: 100 mg above carbonized sample is ultrasound dispersed in
the mixture of 130 ml isopropyl alcohol and 12 ml deionized water for 30 mins following with
the addition of 6.7 ml NH4OH (30 %)

and 180 μl tetraethyl orthosilicate. The resulting

dispersion is vigorous stirring for 2 h and then treated with centrifugation and drying for
collecting product of MOFs@SiO2. 140 mg resulting powder is ultrasound dispersed in the
solvent of 14 ml deionized water and 6 ml EtOH. After 0.5 h ultrasonication and 1 h stirring,
0.15 g cetyltrimethylammonium bromide (CTAB), 25 mg resorcinol (R) and 200 μl NH4OH are
added sequentially. The mixture is stirred for 0.5 h at 35 °C and then 100 μl formalin (F) is
ﬁnally added. After continually stirring for 6 h and polymerization via ageing overnight, the
obtained MOFs@SiO2@RF nano-particles are collected by centrifugation and washed three
times with deionized water and alcohol. The core-shell MOFs are prepared by calcination of the
MOFs@SiO2@RF powder at 600 °C for 3 h in N2 atmosphere. Finally, the silica layer is etched
away by 1 M NaOH solution resulting in Core-shell Zn, ZC and Co.
Synthesis of Core-shell ZnS@S, ZCS@S, CoS2@S and Pristine ZnS@S, ZCS@S, CoS 2@S: A
mixture of core-shell MOFs: sulfur in weight ratio of 1:1.5 is ﬁrstly ground by mortar and pestle,
and then sealed in a stainless steel tube. After treated with 155 °C for 12 h the tube is further
heated at 300 °C for 2 h. For comparison, the ZnS@S, ZCS@S and CoS 2@S without core-shell
structure are synthesized by the similar procedures but with Zn-MOFs, ZC-MOFs and Co-MOFs
as precursors, respectively.
Preparation of ZnS@Na2S, CoS2@Na2S and ZCS@Na2S: The plain ZnS, CoS2 and ZCS hosts
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were preapred by evaporating S from ZnS@S, ZCS@S and CoS 2@S samples. The evaporation
processes were conducted by heating the samples at 500 °C for 2 h in N 2 atmosphere. In order to
compare the catalytic activity towards Na2S oxidation during charge processes, three cathode
materials were prepared by mixing the plain ZnS, CoS2 and ZCS hosts with Na2S powder in
weight ratio of 1:1.5, respectively, denoted as ZnS@Na2S, CoS2@Na2S and ZCS@Na2S.

5.2.2. Electrochemical measurement
The electrochemical tests were conducted by assembling coin-type half-cells in an argon-ﬁlled
glove box. The slurry was prepared by fully mixing 80 wt% active materials, 10 wt% carbon
black, and 10 wt% CMC in an appropriate amount of water via a planetary mixer (KK-250S).
Then, the obtained slurry was pasted on Al foil using a doctor blade with a thickness of 150 µm,
which was followed by drying at 60 °C in a vacuum oven overnight. The working electrode was
prepared by punching the electrode ﬁlm into discs of 0.97 cm diameter with the average mass
loading of 2 mg cm-2 for the active material. The sodium foil was employed as both reference
and counter electrode. The electrodes were separated by a glass ﬁber separator. Electrolyte
included 1.0 M NaClO4 in 95 wt% DEC : EC with a volume ratio of 1:1 and 5 wt% FEC additive
(DEC&EC+5 wt% FEC). The electrochemical performance was tested on a LAND Battery
Tester with a voltage window of 0.8–2.7 V. All the capacities of cells have been normalized
based on the weight of sulfur. The CV

test was performed using a Biologic VMP-3

electrochemical workstation. Voltage range was set from 2.7 to 0.8 V at different scanning rate
of 0.1, 0.5, 1.0, 3.0 and 5.0 mV s-1 awith two repeated cycles at each rate. The Na2S4 solution
was prepared by adding sulfur and Na2S powder into DME/DOL solvent with stirring for 2 h.
The full-cell battery pack was assembled with 3×5 cm Al foil electrode with the average mass
loading of 5 mg cm-2 for the active material. Sodium foil was employed as counter electrode with
Cu foil as current collector while glass fiber functioned as separator. These three parts were heatsealed in aluminum plastic film and filling with electrolyte in glove box. The energy density is
calculated based on the formula: capacity (Ah) × voltage (V) / mass of cathode material (kg).
The energy density is directly shown in the battery test software (LAND Battery Tester).

5.3. Results and Discussion
The formation procedures and sodium-storage mechanisms of the Core-shell ZCS@S are
illustrated in Figure 5.1. Bimetallic organic frameworks (Zn/Co-MOFs) were synthesized, which
were converted into bimetallic nitrogen-doped carbon polyhedra via carbonization at 600 °C,
with the product denoted as Zn-Co/NC.104,162 Subsequently, sacriﬁcial SiO2 layers were coated
on the Zn-Co/NC via the conventional Stӧber method, followed by coating with a polymeric
layer of resorcinol formaldehyde (RF) via a sol-gel process, leading to a precursor denoted as
Zn-Co/NC@SiO2@RF.163 After the carbonization and etching process, a well-confined S host,
consisting of Zn-Co/NC as core and microporous carbon as shell, is realized (with the product
denoted as Core-shell ZC). Finally, during the sulfuration process at 300 °C, the evaporated S
molecules can migrate into the carbon core, and meanwhile, the inner Zn and Co metals can react
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with S to form crystalline ZnS and CoS2.103

Figure 5.1 Schematic illustration of the synthesis: after the construction of the core-shell
structure, the Core-shell ZC is thermally treated with S to generate a sulfur-rich core-shell
cathode material with the catalysts ZnS and CoS2.

Thus, the S cathode material is obtained by encapsulating S into the sulfurized Core-shell ZC
host (with the final product denoted as Core-shell ZCS@S). With the expectation of synergetic
effects towards S immobilization and conversion, the formation of bimetallic sulfides is
favorable for S cathode during charging/discharging processes. In comparison, pure Zn-MOFs
and Co-MOFs were prepared by the same procedures as another two S cathode samples, which
were denoted as Core-shell ZnS@S and Core-shell CoS2@S, respectively.

Figure 5.2 Representative electron microscope images: (a) SEM and (b) TEM images of the
details of Core-shell ZC. (c) HRTEM and (d) HAADF images of a particle of Core-shell ZC. (e)
HRTEM image of a Core-shell ZCS@S. (f) HAADF image of the surface dispersion on the core
of ZCS@S (magnification of the white square in Figure 5.2e). HRTEM image of Figure 5.2f to
show the crystalline structures of (g) crystalline ZnS and (h) crystalline CoS2, as indicated by the
corresponding SAED patterns in the insets. (i) EDS mapping of Core-shell ZCS@S.
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Figure 5.3 SEM of carbonized Zn-MOFs and Core-shell Zn (a-c); (d-f) SEM of carbonized CoMOFs and Core-shell Co.

Figure 5.4 (a) SEM of carbonized ZC-MOFs; (b) SEM of Core-shell ZC; (c) STEM of Coreshell ZC; (d) EDS of Core-shell ZC.

Figure 5.5 (a) BET Surface Area of Core-shell Zn, ZC and Co: 452.1264 m² g-1, 435.2218 m² g-1
and 366.8332 m² g-1; (b) Total porous area Core-shell Zn: 282.236 m² g-1, ZC: 284.311 m² g-1,
Co: 276.649 m² g-1.
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Figure 5.6 (a,b)STEM of the Core-shell ZCS@S;(c) HAADF of Core-shell ZCS@S.

Figure 5.7 Calculation of different element in Core-shell ZCS@S based on their elemental
intensity that S, C, Zn, Co, N and O accounts for 66%, 15%, 7.3%, 7.2%, 2% and 2.5%,
respectively.

Figure 5.8 Calculation of different element in Core-shell CoS2@S based on their elemental
intensity that S, C, Co and N accounts for 66.7%, 15.4%, 14.2% and 3.7%, respectively.

Figure 5.9 Calculation of different element in Core-shell ZnS@S based on their elemental
intensity that S, C, Zn, N and O accounts for 61.4%, 16.8%, 15.8%, 4% and 2%, respectively.
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As displayed in Figure 5.2a, b, the SEM and STEM images of the Core-shell ZC show uniform
core-shell polyhedral structures. The other two samples are also constructed with similar coreshell structures (Figure 5.3). Despite slight differences in morphology, three scalable and highquality core-shell structures could be prepared according to the above-mentioned approach. The
particle size of Core-shell ZC is around 250 nm (Figure 5.2c). The EDS mappings indicate the
dispersion of elemental carbon, nitrogen, zinc, and cobalt (Figure 5.4), confirming the conformal
presence of Zn and Co metals. The high-angle annular dark-field (HAADF) image (Figure 5.2d)
shows that the thickness of the carbon shell is around 15 nm, which can improve the overall
conductivity and physically confine the active sulfur inside of the inner cores. The hollow void
between cores and shells is around 35 nm in thickness, which can effectively buffer the volume
changes of the cores during electrochemical cycling. The BET analysis confirms the large
specific area and porous structure of the Core-shell ZC host (Figure 5.5), which can facilitate the
sulfur encapsulation via the capillary effect. As shown in the TEM images of different areas
(Figure 5.2e, Figure 5.6), the as-prepared Core-shell ZCS@S hybrid could inherit the
nanostructures of the Core-shell ZC after implantation of S, in which the polyhedral cores are
well maintained and the void space is partially filled. Most of the S is confined in the core
structure (Figure 5.2i), while some of it is dispersed in the hollow space according to the EDS
mapping. Additionally, the amount of sulfiphilic sites in the three samples was calculated to be
14.5 % (7.3% Zn and 7.2% Co), 14.2 % (CoS2), and 15.8 % (ZnS) for Core-shell ZnS@S,
CoS2@S, and ZCS@S, respectively (Figure 5.7-5.9), indicating comparable amounts of
sulfiphilic sites in the three samples. It is evident that a number of small crystals (Figure 5.2f) are
finely dispersed in the cores with the support of amorphous carbon frameworks. As revealed in
Figure 5.2g, h, the high resolution TEM (HRTEM) images show two sets of lattice fringes, and
the corresponding selected area electron diffraction (SAED) patterns are presented in the insets.
The lattice spacings of 0.31 and 0.28 nm can be indexed to the CoS 2 (100) and ZnS (110) planes,
respectively. Moreover, the elemental mappings (Figure 5.2i) of the Core-shell ZCS@S
demonstrate the uniform dispersion of S over the Core-shell matrix, in which part of the sulfur is
embedded in the mesoporous cores with a fraction of the S filled into the void space and
dispersed along the carbon shells as well. The confined incorporation of S in the Core-shell
ZCS@S implies its high Na-storage properties when applied as cathode in RT-Na/S batteries.
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Figure 5.10 Characterization of Core-shell S cathode: (a) XRD spectra, (b) Raman spectra, (c)
TGA curves for Core-shell ZnS@S, ZCS@S and CoS2@S. (d) S 2p region (e) Zn 2p region and
(f) Co 2p region in the XPS spectra. (g) Co region and (h) Zn region of K edge XANES spectra
for Core-shell ZC and ZCS@S.

Figure 5.11 XRD spectra of carbonized Zn-MoFs, ZC-MOFs and Co-MOFs.

Figure 5.12 XRD spectra of the Core-shell Zn, ZC and Co.

Figure 5.13 Raman spectra of the Core-shell Zn, ZC and Co.
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Figure 5.14 XRD patterns of pristine ZnS@S, ZCS@S and CoS2@S sulfuration at 300° without
core-shell structure.

Figure 5.15 XRD for sulfuration of Core-shell ZCS@S at the temperature of 350 °C, 400 °C and
600 °C for 2 h. The intensity of ZnS and CoS2 goes stronger as the rising temperature.

Figure 5.16 TGA of ZnS@S, CoS2@S and ZCS@S without core-shell structure.

As shown in Figure 5.10a, the powder XRD results for the Core-shell ZnS@S, ZCS@S, and
CoS2@S indicate that S accounted for the dominant component. The strong peaks at 23.2°,
25.9°, 26.9°, and 27.8° are indexed to the (111), (013), (311), and (117) planes of crystalline S 8
(PDF no. 01-073-5065), respectively. Meanwhile, relatively weak peaks at 28.6° in the Coreshell ZnS@S and ZCS@S correspond to the (111) planes of ZnS (PDF no. 00-005-0566). In
comparison, the peaks at 33.3° in the Core-shell ZCS@S and CoS2@S are indexed to the (100)
planes of CoS2 (PDF no. 01-077-7559). The XRD results confirm the coexistence of CoS2, ZnS,
and S8 phases in the Core-shell ZCS@S sample, consistent with the HRTEM images and
elemental mappings in Figure 5.2. The Raman spectra in Figure 5.10b further confirm the
presence of ZnS and CoS2 in the samples. The formation of ZnS and CoS2 originates from the
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sulfurization of metallic Zn and Co in the MOF-derived N-doped C polyhedra (Figures 5.115.13). When further sulfurized in the range from 300 up to 600 °C, the characteristic peaks of
ZnS and CoS2 become more intense as the small crystals gather together and grow into big
crystalline particles (Figures 5.14 and 5.15). 164 It is rational that small ZnS and CoS2
nanoparticles with ultra-fine dispersions would be more effective as catalysts for improving the
conversion between S and Na. Thus, the Core-shell ZCS@S obtained at 300 °C is ideal. The
TGA curves shown in Figure 5.10c further confirm the large amount of S contained in the Coreshell ZnS@S, ZCS@S, and CoS2@S, with 47, 57, and 58 wt. %, respectively. During the TGA
process, there are three main states of fast weight loss with rising temperature in the Core-shell
ZCS@S: the crystalline S on the carbon shell and the surface of the core would sublime at a
relatively low temperature of ~250 °C, which accounts for ~42 wt. % of the S. Then, a small
amount of amorphous S conﬁned in the mesopores would evaporate when the temperature
increased from 250 to 400 °C with an S loss of ~10 wt. %; the S encapsulated in the micropores
could ﬁnally sublime at the high temperature of 530 °C which corresponds to a proportion of ~5
wt. %. In comparison, without any core-shell structure, ZnS@S, ZCS@S, and CoS2@S suffered
from huge weight loss (~55 wt. %) at low temperature (Figure 5.16), indicative of the benefits of
the core-shell structure for storing S.

Figure 5.17 FT-IR spectroscopy of the Core-shell ZnS@S, CoS2@S and ZCS@S.

Figure 5.18 XPS spectra for the Core-shell Zn and Core-shell ZnS@S in Zn 2p region.
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Figure 5.19 XPS spectra for the Core-shell Co and Core-shell CoS2@S in Co 2p region.

To investigate the chemical bonding states between Zn, Co, and S, Fourier-transform infrared
spectroscopy (FT-IR), XPS, and XAS were carried out. As shown in the FT-IR spectra (Figure
5.17), the Zn-S bonds (Zn2+ bonding with S2−) and Co=S bonds (Co2+ bonding with S22−) coexist
in the Core-shell ZCS@S, with their peaks located at the wavelengths of 2356 and 1060 cm−1,
respectively.165 This bonding information is also presented in the XPS spectra. 166 The S 2p
spectra in Figure 5.10d present the different S states in the Core-shell ZnS@S, ZCS@S, and
CoS2@S. For the Core-shell ZCS@S, the S 2p region could be divided into three peaks. The
highest BE peak centered at 168.68 eV is ascribed to the S 22− of CoS2, while the peak located at
164.11 eV is related to the S2− of ZnS. Moreover, the intensive S 2p peak at 163.25 eV reflects
the high loading of elemental S in the final product. In the Zn 2p region (Figure 5.10d), it is clear
that the binding energy (BE) of Zn 2p 1/2 and Zn 2p3/2 in the Core-shell ZCS@S is higher, which
is shifted 1.04 and 0.42 eV above the 1043.11 and 1019.80 eV for the Core-shell ZC,
respectively, after S implantation at 300 °C.167 Similarly, a positive shift of the BE peaks also
occurs in the Core-shell ZnS@S (Figure 5.18), indicative of the bonding reaction between Zn
and S during the sulfuration process. Meanwhile, the Co 2p peaks of the Core-shell ZCS@S in
Figure 3f can be deconvoluted into Co0 (779.37 eV) and Co2+ (784.62 eV). The Co2+ evolution
could be attributed to Co bonding with S22−, probably through the formation of a Co=S bonds,
although there is also some metallic Co left, as indicated by the Co0 BE peaks. This situation not
only occurs in the Core-shell ZCS@S, but also appears in the Core-shell CoS2@S (Figure 5.19).
The X-ray absorption near edge structure (XANES) of Co K-edge in the pristine Core-shell ZC
shifts to a higher energy state at the energy of 7730 eV (Figure 5.10g), which confirms the
conversion from Co0 to Co2+.168 Meanwhile, in the Zn region (Figure 5.10h), Core-shell ZCS@S
shows a much strong absorption edge at 9668 eV after sulfuration process, indicating Zn 0 being
oxidized into Zn2+. Based on the XRD, Raman, TGA, FT-IR, XPS and XANES results, the
conclusion can be drawn that the S is not only physically adsorbed in the core-shell structure, but
also chemisorbed by ZnS and CoS2, leading to the formation of Zn-S and Co=S bonds. The coexistence of ZnS and CoS2 leads to strong adsorption of sodium polysulfides showing the
benefits of multisulfiphilic sites in RT-Na/S batteries.
In Figure 5.20a and b, cycling performances of the three samples are compared at different
current densities. The Core-shell ZCS@S which composes of multisulfiphilic sites exhibits the
best Na-storage properties, showing an extremely long cycle life with outstanding capacity at 0.2
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A g−1 (570 mAh g−1 over 1000 cycles). When compared with the Core-shell ZnS@S and
CoS2@S counterparts, the Core-shell ZCS@S displays stable discharge/charge curves with
weakened polarization (Figure 5.21 and 5.22). Although Core-shell CoS2@S exhibits the highest
capacity in the first discharging process, it suffers from poor Coulombic efficiency (44 %) in
comparison to ZCS@S (68 %) and ZnS@S (62 %), resulting in huge capacity fade in the
following cycles (325 mAh g−1 after 500 cycles).

Figure 5.20 Room-temperature sodium-sulfur battery test: (a) Cycling performances at 0.2 A g-1,
(b) cycling performances at 1.0 A g-1 and (c) rate performances of Core-shell ZCS@S, ZnS@S
and CoS2@S. (d) Charge-transfer resistance of Core-shell ZCS@S, ZnS@S, and CoS2@S at the
100th, 200th, and 300th cycle at1.0 A g−1. (e) First cycle charging voltage profiles of CoS2/Na2S,
ZnS/Na2S, and ZCS/Na2S electrodes. (f) Photographs (inset) and ultraviolet-visible spectra of the
Na2S4 solution before and after exposure to CoS2, ZnS and ZCS. (g) The CV curves for Coreshell ZCS@S at different scan rates. (h) Comparison of the rate capacities between this work
with the results previously reported for room-temperature sodium-sulfur batteries.43, 53, 159, 161, 169
(i) Energy density of Core-shell ZCS@S tested in full-cell battery pack at current density of 0.1
A g-1.
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Figure 5.21 Discharged/charged curves of Core-shell ZCS@S at the current density of 0.2 A g-1.

Figure 5.22 Discharged/charged curves of (a) Core-shell ZnS@S and (b) CoS2@S at the current
density of 0.2 A g-1.

Figure 5.23 Cycle performance of ZCS@S, CoS2@S and ZnS@S without core-shell structure at
current density of 0.2 A g-1.

On the other hand, Core-shell ZnS@S exhibits a much stable performance during cycle life
(430 mAh g-1 after 500 cycles). When compared with the samples without core-shell structure
(Figure 5.23), it is noticeable that the carbon shells play a critical role in performance
enhancement via physical confinement. When current density is as high as 1.0 A g-1, the trend
that multisulfiphilic sites enhance cycle performance becomes more obvious: Core-shell ZnS@S
delivers ~188 mAh g-1 during 800 cycles while Core-shell CoS2@S delivers ~66 mAh g-1 and
Core-shell ZCS@S shows the best with capacity of 250 mAh g-1 after 2000 cycles. With respect
to the rate capability (Figure 5.20c), three samples show a similar pattern that cycle performance
goes better along with the increasing number of sulfiphilic sites. It is evident that Core-shell
ZCS@S exhibits superior capacities of 768, 572, 338, and 170 mAh g -1 at 0.5, 1.0, 3.0, and 5.0 A
g-1, respectively. As current rate recovers to initial 0.5 A g-1, its reversible capacity is maintained
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at 528 mAh g-1. Therefore, the increasing sulfiphilic sites can improve reversible capacities and
stability.

Figure 5.24 EIS of (a) Core-shell CoS2@S and (b) ZnS@S and (c) Core-shell ZCS@S at the
100th, 200th and 300th cycle, (in-set) Randles equivalent circuit. (d) Resistance of the surface film
formed on the electrodes.

The charge-transfer resistance (Figure 5.20d) was further calculated according to the Randles
equivalent circuit (Figure 5.24).105 It is confirmed that the charge-transfer resistance was 149,
192, and 225 Ω for Core-shell ZCS@S; 165, 221, and 264 Ω for Core-shell ZnS@S; and 177,
241, and 288 Ω for Core-shell CoS2@S at the 100th, 200th, and 300th cycle, respectively.12 With
increasing cycle number, the charge-transfer resistance also rises in accordance with the
accumulation of non-conductive Na2S.21 When three Na2S electrodes were tested via a charge
process with the addition of ZCS (ZnS and CoS2), ZnS and CoS2, respectively (Figure 5.20e).170
The CoS2/Na2S exhibits the highest potential barrier at 2.90 V in the initial charging process. The
addition of ZnS and ZCS significantly reduces the potential barrier to 2.64 and 2.60 V,
respectively, implying that the multisulfiphilic sites are favorable for reducing energy barrier
from Na2S to long-chain polysulfides especially the addition of ZnS.171 Besides, polysulfide
(Na2S4) solution was added into different masses of ZnS, ZCS and CoS2 with equivalent total
surface areas (Figure 5.20f).81 CoS2 and ZnS demonstrate visible adsorption capability for Na 2S4
with the lighter color of their Na2S4 solutions. In contrast, ZCS exhibits the strongest attraction
toward long-chain polysulfides, as the original yellow polysulfide solution becomes colourless.
Based on the above studies, the conclusion can be reached that, the benefits of multisulfiphilic
sites contribute to the adsorption sodium polysulfides and suppressing the shuttle effect as well
as the reduction of energy barrier during charged process. Therefore, Core-shell ZCS@S delivers
outstanding cycling performance in not only constant current test but rate capability. Such an
outstanding rate capability is also proven by the CV testing (Figure 5.20g). When scanning rate
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was varied from 0.1 to 5.0 mV s−1, the two CV patterns highly overlap at each rate, indicating
reversible processes.172 A comparison of the rate capability of Core-shell ZCS@S with the
results in the literature is presented in Figure 5.20h; the relatively high rate capability of the
Core-shell ZCS@S cathode holds great potential for its applications in RT-Na/S batteries.
Correspondingly, full-cell battery pack as shown in Figure 5.20i is assembled for evaluating the
energy density toward practical applications. Battery pack was prepared with 0.5 × excess Na
metal anode, electrolyte, Core-shell ZCS@S cathode, separator, collector and tested at 0.1 A g-1.
The resulting energy density reaches to 384 Wh kg-1 at current density of 0.1 A g-1, which is
higher than many sodium cathode materials.173

Figure 5.25 SEM images of the micro-structure of Core-shell ZCS@S after 100 cycles at the
current density of 1 A g-1.

Compared with half coin-cell test, the full-cell battery pack also shows a stable voltage-current
curves. After 30 cycles, the cathode material was observed in SEM that its core-shell structure
keeps very stable, which is fundamental for long-life cycle (Figure 5.25). Hence, the
multisulfiphilic cathode not only achieves an exceedingly high capability in half coin-cell but
exceptional full-cell energy density toward practical applications. To further explore the
chemical conversion, In-situ synchrotron XRD patterns of Core-shell ZCS@S corroborate the
mid-product during cycle performance.36 As illustrated in Figure 5.26, S8 (PDF no. 01-073-5065)
commences to react with Na+ at 2.0 V. As the voltage decreases to 1.8 V, all of the S 8 has been
transformed into the long-chain polysulﬁdes Na2Sx.54 Then, Na2Sx is transformed into Na2S4
(PDF no. 00-071-0516) from 1.8 to 1.5 V. As the sodiation process proceeds (1.5 V to 1.2 V),
Na2S4 keeps reacting with Na and splitting into short-chain polysulfide. When the voltage is
below 1.2 V, all of long-chain polysulfide have been reduced to Na2S2 (PDF no. 01-081-1771)
which will further turn into Na2S (PDF no. 04-003-6920).174
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Figure 5.26 (a) In-situ synchrotron X-ray diffraction patterns of Core-shell ZCS@S with the
initial galvanostatic charged/discharged curves at 0.2 A g−1. XPS spectra of Core-shell ZCS@S
in (b) S 2p, (c) Zn 2p and (d) Co 2p regions when half coin-cell charged/discharged to different
voltage.

Subsequently, the charge process from Na2S to Na2Sx via Na2S2 and Na2S4 are highly
reversible. It is obvious that the majority of reversible capacity is generated below 1.5 V, the
point at which the chemical reaction takes place between Na, Na2S4, and Na2S2.175 In other
words, the reversibility of Na2S4, Na2S2, and Na2S plays an essential role in improving the
reversible capacity in RT-Na/S batteries. Interestingly, the peak of CoS2 (100) (PDF no. 01-0777559) slightly shifts as voltage drops below 1.4 V, indicating that some Na + can be reversibly
intercalated/extracted into/from CoS2.176 According to the voltage-capacity profile, the capacity
generated from the sodiation of CoS2 (1.8 to 1.6 V) is only 50 mAh g-1, corresponding to the
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formation of NayCoS2.177 This capacity contribution is negligible with respect to the overall
capacity of the Core-shell ZCS@S. Moreover, ex-situ XPS results further reveal the Na-storage
mechanism of the Core-shell ZCS@S. In the XPS spectra of S region (Figure 5.26b), four peaks
corresponding to S 2p, S2- 2p, sulfide and S22- 2p are detected at 163.1, 164.5, 167.8 and 168.5
eV, respectively, in the initial state.178 During discharged process, sodium insertion leads to the
formation of long-chain sodium polysulfides (Na2Sx) and NayCoS2. The resulting Na+ ion with
positive charge has strong chemical affinity with S2- and S22-.179 When electron transfers from
ZnS and CoS2 to Na+ ions, the binding energy of S2- and S22- increases from 164.5 to 165.2 eV
and 167.8 to 168.9 eV, respectively.180 As voltage plunges to 0.8 V, long-chain polysulfides split
into the short-chain (Na2S2/Na2S) but the reaction reverses during charge.159 When the voltage
charged back to 2.8 V, most of sodium ion has been extracted out of cathode material. With the
decrease of Na+, binding energy of S2- and S22- goes back to initial state.133 In the Zn region
(Figure 5.26c), two characteristic peaks at 1023.5 and 1045.1 eV correspond to the Zn 2+ 2p3/2 and
Zn2+ 2p1/2 of ZnS on Core-shell ZCS@S, respectively. The binding energy downshifts 0.7 eV
during discharged process as polysulfides (Na2Sn) accumulating on ZnS but reversibly upshifts in
charged process when polysulfides decreased.181 As illustrated in Figure 5.26d, similar condition
takes place in Co region that the binding energy verifies from 790.5 to 789.5 eV for Co 2+ 2p3/2
and 809.5 to 808.6 eV for Co2+ 2p1/2.53 As voltage drops down to 1.5 V, a new peak appears in
795.8 eV illustrating the formation of NayCoS2. But this peak shrinks during charged process
indicating the extraction of sodium ion out of metallic sulfide. Significantly, with enhanced
conductivity and polysulfide adsorption, the NayCoS2 is favorable and likely dominates the
adsorption of polysulfides Na2Sn.169 As a result, an increase of sulfiphilic sites can effectively
improve the catalysis toward sodium polysulfides because each specie is endowed with different
capability on catalyzing.
In order to gain theoretical insight into the mechanism behind the multisulfiphilic sites of ZnS,
CoS2 and polysulfides, DFT calculations were performed to explore their composite structure
and determine the roles of ZnS and CoS2 in the adsorption and transformation of polysulfides. 177
As the ZnS and CoS2 nanoparticles synthesized in our experiment have diameters of a few
nanometers, we considered slab models of ZnS and CoS2 crystals in the zinc blende and pyrite
structures, respectively.
To explore the catalytic activities of ZnS and CoS2 towards polysulfide conversion, we tried to
build models between polysulfides and crystalline planes. Unfortunately, most of these surfaces
were unstable to polysulfides in the model we constructed, either the distortion of crystal plane
or the split of polysulfides. These failed models could hardly show the binding energy between
polysulfide and crystalline plane. After trying many crystal planes, we finally found the most
stable plane of (110) ZnS and (100) CoS2. These two planes not only kept stable when pairing
with different polysulfides but also ensured the completeness of polysulfides. Besides, these two
surfaces were observed in our HRTEM test. The structures of various Na2Sx (x = 1, 2, 4, 8)
adsorbed on these model structures were simulated, and their binding energies were calculated
as:
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1. Eb = E(catalyst + Na2Sx) – ENa2Sx − Ecatalyst
where E(catalyst + Na2Sx) and Ecatalyst are the energies of catalyst with and with adsorption of Na 2Sx,
respectively; ENa2Sx is the energy of a free Na2Sx cluster.

Figure 5.27 DFT calculation results: Diagrams for the binding processes between polysulfide
and (a) ZnS (110) and CoS2 (100). (b) Corresponding binding energies. Calculations of energy
states of polysulfides on ZnS and CoS2 during (c) the discharging process and (d) the charging
process.

Figure 5.28 Atomic structures of NayCoS2 at different sodiation levels by DFT calculations.
The black box indicates the unit cells for each system. The Na, Co and S atoms are shown in
purple, blue and yellow colors, respectively.
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CoS2

Na0.5CoS2

Na0.75CoS2

Na1CoS2

a (Å)

5.47

5.4

7.15

6.26

b (Å)

5.47

5.4

7.20

9.20

c (Å)

5.47

5.4

5.79

6.64

Mag

3.95

0.00

0.94

0.00

(μB)

Table 5.1 Lattice parameters and magnetic moments of NayCoS2 at different sodiation levels by
DFT calculations.

Figure 5.29 Atomic structures and binding energies of polysulfides adsorbed on the (100)
surface of Na0.5CoS2 by DFT calculations. The Na, Co and S atoms are shown in purple, blue
and yellow colors, respectively.

Figure 5.30 (a) The hybrid model consists of 2 × 4 unit cells for CoS2 (100) and 3 × 3 unit cells
for ZnS (110), and both two slabs includes 6 atomic layers. (b) Energy diagram for the diffusion
of Na2S species from Co2S to ZnS. The numbers indicate energies of transition state (TS) and
final state (FS) relative to initial state (IS).

The deposition on ZnS and CoS2, respectively, of different types of sodium polysulfides is
modelled Figure 5.27a. According to the DFT calculations, it was conﬁrmed that both ZnS (110)
and CoS2 (100) surfaces can strongly adsorb polysulfides with binding energies ranging from
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‒1.34 to ‒3.16 eV. According to the DFT calculations, it was conﬁrmed that both ZnS (110) and
CoS2 (100) surfaces can strongly adsorb polysulfides with binding energies ranging from ‒1.34
to ‒3.16 eV. We further optimized the computational structures of Na yCoS2 at different sodiation
levels (Figure 5.28 and Table 5.1). Its binding capability toward sodium polysulfides (-1.39 to 3.62 eV) is slightly stronger than CoS2 (Figure 5.29). As shown in Figure 5.27b, it is noteworthy
that CoS2 (100) has stronger binding capability than ZnS (110), so that it can more effectively
suppress the dissolution of long-chain polysulﬁdes in accordance with our experimental result of
Na2S4 absorption.159 During the discharging process (Figure 5.27c) sodium polysulfides exhibit
deeper energy state with the catalyst of CoS2. It means the discharging process is more
thermodynamically favorable in the catalysis of CoS2.171 However, during the charging process
(Figure 5.27d) the oxidation of Na2S to Na2S8 is endothermic, and a much higher energy barrier
is required to oxidize Na2S on CoS2. In contrast, the energy barrier of sodium polysulfides on
ZnS shows much smoothly, which benefits to the charging process, which is consistent with
experimental result that Na2S can be easily oxidized into long-chain polysulfides. Furthermore,
nudged elastic band method182 was adopted to calculate the kinetic barrier for possible Na2S
species diffusion from CoS2 to adjacent ZnS sites, which turns out to be 0.9 eV (Figure 5.30),
indicating that Na2S tends to be reduced at ZnS sites during charge process at ambient condition.
Therefore, the different sites in the core-shell ZCS@S cathode work synergistically to enable
efficient polysulfide fixation and reversible conversion, achieving both high accessible capacity
and cycling stability.

5.4. Conclusions
Overall, an electrocatalysing S host constructed with porous core-shell structure and multisulfiphilic sites has been successfully exploited to enhance RT-Na/S batteries. The obtained
core-shell ZCS@S cathode exhibits cycling stability (570 mAh g-1, 1000 cycles at 0.2 A g-1),
outstanding rate performance (250 mAh g-1, 2000 cycles at 1.0 A g-1) and ultrahigh energy
density of 384 Wh kg-1. This core-shell structure buffers the volume changes in the inner cores
during cycling while the outside carbon shells improve the conductivity and alleviate polysulfide
migration as well. It is worth noting the multisulfiphilic sites combining with ZnS and CoS 2
exhibit unexpected electrocatalysis. With their multi-functional catalysis, the energy barrier of
Na2S oxidation reduces while the shuttle effect of soluble polysulfides is greatly restricted.
Specifically, carbon shell encloses S sites and CoS2 provides strong adsorption affinity toward
polysulfide, improving the stability of soluble polysulfides and accessible capacity during
discharging. Meanwhile, ZnS is favorable for decreasing the charging energy barrier thus
improving the coulomb efficiency. Significantly, this work highlights the key role of the widely
used core-shell structure and the multi-sulfiphilic sites, providing an innovative cathode design
for application in RT-Na/S batteries.
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Chapter 6
6. Sustainable S cathodes with synergic electrocatalysis for roomtemperature Na-S batteries
6.1. Introduction
Na as a low‐cost and abundant alternative to Li, has driven research on sodium technologies
beyond the cell chemistry of the analogue lithium system. Meanwhile, the impressive
electrochemical characteristics as well as inexpensive and abundant resources of S, attract
tremendous interests on studying RT Na-S batteries. Compared to Li-S battery, Na-S battery
obtains comparable gravimetric capacity (1675 mA h g–1) and energy density (1274 W h kg–1).82
Recent studies in RT Na-S battery found that the applications of conductive carbon host
combined with sulfur-rich cathode can achieve over 500 cycles, which is comparable to the cycle
life in Li-S battery. However, studies on RT Na-S battery are still in an infancy stage and many
issues are still unsolved. There is still a long way for Na-S battery to catch up with the Li
counterpart. For instance, the actual energy density is far below its theoretical value, which is
one of the reasons limiting its practical applications.183 In comparison, recent studies on Li-S
batteries already moved forward to practical applications with the emergence of high full-cell
energy density.175, 184-185 Learning from successful experience of Li-S battery, many approaches
have been introduced to solve the problems of the slow redox kinetics of sulfur and the
dissolution and migration of NaPSs in the RT Na-S batteries.161, 173-174, 186 Among these methods,
three guidelines should be addressed: 1. Host with good conductivity is important to improve
sluggish kinetics of sulfur. 2. Porous structure with high specific area and good volume stability
can effectively increase cycling life. 3. Suitable catalyst with high adsorption toward polysulfides
can limit shuttle effect achieving high capacity. This criteria of choosing cathode material in NaS battery is stricter than Li-S battery because the volume expansion caused by sodium insertion
is much stronger than lithium insertion while the resulting compound of Na 2S has poorer
conductivity than Li2S. One of the most effective strategies is to capture NaPSs in carbon
matrices with the addition of catalysts.178 Porous carbon can store sulfur and improve its
conductivity, while catalysts are important for the adsorption and conversion of NaPSs, thus
ensuring stable reversible capacities.54 Compared with the different types of catalysts, such as
transition metals159 and metal oxides,169 metal sulfide catalysts have achieved outstanding
performance due to their relatively high bonding energies with NaPSs. 155 This has been proven
by many studies. Yan et al. applied FeS2 in S host and successfully improved the slow kinetics of
sulfur.24 NiS2 was doped into porous carbon nanotubes and effectively limited the dissolution of
NaPSs.43 The strong adsorption capability of metal sulfide toward NaPSs significantly alleviates
the loss of active materials in RT Na-S batteries. Nevertheless, the electrocatalytic activity of
metal sulfide is greatly hindered by their intrinsic poor conductivity. 12,
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To improve their

conductivity, reducing the size of metal sulfide is one of the best tactics. 21 Introducing singleatom metals is also a promising strategy to improve the overall conductivity and accelerate the
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charge transfer of S cathodes.187 Moreover, single-atom metals can also catalyse the NaPSs
conversion in RT Na-S batteries.188 Recently, Chen et al. utilized Ni atoms to modify the
separator and found that its Ni-N4 structure could reversibly catalyse the conversion of NaPSs.51
Zhang and co-workers applied atomic Co in S cathode, in which the Co atoms accelerated the
reduction reaction from Na2S4 to Na2S.81 Thus, it is a promising approach to synergistically
combine metal sulfides and single-atom metal on the same carbon support. Combined with the
high conductivity and electrocatalysis of a single atom metal, a polar metal sulfide with strong
bonding ability toward NaPSs is expected to make much enhanced Na-storage properties of S
cathodes for RT Na-S batteries.103
Herein, we present a novel sulfiphilic host consisting of atomic Co and ZnS quantum dots
grown on a hierarchical carbon support. The doping of Co atoms into the C matrix not only can
improve conductivity of the electrode, but also is responsible for the decreased particle size and
improved dispersion of ZnS quantum dots (~10 nm). Overall, the hierarchical carbon support
with high surface area (1012 m2 g−1) serves as a container for S species, the entangling catalysis
of polar ZnS QDs and single-atom Co guarantees efficient NaPSs conversion via enhanced
polar-polar interactions. In-situ synchrotron X-ray diffraction (in-situ XRD) and theoretical
calculations were employed to understand the electrocatalytic functions of the constructed host
for S cathode. In contrast to Co single atoms alone, the ZnS catalyst is more effective for
optimizing the S cathode. This is because it shows strong chemical bonding and fast redox
kinetics for the conversion reaction, leading to high utilization of NaPSs. Furthermore, when
observed via in-situ transmission electron microscopy (in-situ TEM), the S host shows reversible
volume changes during the sodiation/desodiation processes, indicating prolonged cycling
stability of the S cathode. As a result, the constructed Co1-ZnS/C@S cathode can exhibit
outstanding cycling performance with capacity of 640 mAh g -1 after 500 cycles (0.1 A g-1) and
remarkable energy density of 541 mAh g-1 at 0.1 A g-1, rendering this composite great promise
for scientific research and practical applications.

6.2. Experimental Section
6.2.1. Samples preparation
Preparation of C@S: In a typical procedure, Zn(NO3)2·6H2O (2.38 g) and 1.31 g 2methylimidazole dissolved in 200 ml methanol and stirred for 5 mins. After aging 12 h, the asobtained precipitates were centrifuged and washed with ethanol several times and dried in
vacuum at 70 °C for overnight. The as-obtained white powder was annealed at 1000 °C for 5 h
with heating rate of 2 °C/min in N2. After cooling down, the black powder was mixed with sulfur
with the weight ratio of 1 : 2 and sealed in glass tube. The tube was heated at 155 °C for 12 h and
275 °C for 1h resulting in C@S.
Preparation of Co1/C@S: In a typical procedure, Zn(NO3)2·6H2O (0.87 g), Co(NO3)2·6H2O
(0.89 g) and 1.2 g 2-methylimidazole dissolved in 70 ml methanol and stirred for 5 mins and
then transferred into 100 ml Teflon-lined stainless-steel autoclaves and heated at 120 °C for 4 h.
The as-obtained precipitates were centrifuged and washed with ethanol several times and dried in
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vacuum at 70 °C for overnight. The as-obtained powder was annealed at 1000 °C for 5 h with
heating rate of 2 °C/min in N 2. After cooling down, the black powder was mixed with sulfur with
the weight ratio of 1 : 3 and sealed in glass tube. The tube was heated at 155 °C for 12 h and 275
°C for 1h resulting in Co1/C@S.
Preparation of Co1-ZnS/C@S:

In a

typical

procedure,

Zn(NO 3)2·6H2O

(0.87

g),

Co(NO3)2·6H2O (0.89 g) and 1.2 g 2-methylimidazole dissolved in 70 ml methanol and stirred
for 5 mins and then transferred into 100ml Teflon-lined stainless-steel autoclaves and heated at
120 °C for 4 h. The as-obtained precipitates were centrifuged and washed with ethanol several
times and dried in vacuum at 70 °C for overnight. The as-obtained powder was annealed at 800
°C for 2 h with heating rate of 2 °C/min in Ar. After cooling down, the black powder was mixed
with sulfur with the weight ratio of 1 : 3 and sealed in glass tube. The tube was heated at 155 °C
for 12 h and 275 °C for 1h resulting in Co 1-ZnS/C@S.
Preparation of ZnS/C@S: In a typical procedure, Zn(NO3)2·6H2O (2.38 g) and 1.31 g 2methylimidazole dissolved in 200 ml methanol and stirred for 5 mins. After aging 12 h, the asobtained precipitates were centrifuged and washed with ethanol several times and dried in
vacuum at 70 °C for overnight. The as-obtained white powder was annealed at 800 °C for 2 h
with heating rate of 2 °C/min in Ar. After cooling down, the black powder was mixed with sulfur
with the weight ratio of 1 : 3 and sealed in glass tube. The tube was heated at 155 °C for 12 h and
275 °C for 1h resulting in ZnS/C@S.

6.2.2. Electrochemical measurement
The electrochemical tests were conducted by assembling coin-type half-cells in an argon-ﬁlled
glove box. The slurry was prepared by fully mixing 80 wt% active materials, 10 wt% carbon
black, and 10 wt% CMC in an appropriate amount of water via a planetary mixer (KK-250S).
Then, the obtained slurry was pasted on Cu foil using a doctor blade with a thickness of 150 µm,
which was followed by drying at 60 °C in a vacuum oven overnight. The working electrode was
prepared by punching the electrode ﬁlm into discs of 0.97 cm diameter with about 1 mg sulfur in
each electrode. The sodium foil was employed as both reference and counter electrode. The
electrodes were separated by a glass ﬁber separator. Electrolyte included 1.0 M NaClO 4 in 95
wt% DEC: EC with a volume ratio of 1:1 and 5 wt% FEC additive (DEC&EC+5 wt% FEC).
About 20 μL electrolyte is dropped in each coin cell. Electrochemical performance was tested on
a LAND Battery Tester with a voltage window of 0.8–2.8 V. All the capacities of cells have been
normalized based on the weight of sulfur. CV was performed using a Biologic VMP-3
electrochemical workstation. The Na2S6 solution was prepared by adding sulfur and Na 2S
powder into DEC solvent with stirring for 2 h.

6.3. Results and Discussion
To understand the size variations of ZnS-QDs due to the modification of single-atom Co1, a
ZnS/C@S sample without sing-atom Co1 doping was prepared. As displayed in Figure 6.1a and
b, the SEM and STEM images show the general structure of ZnS/C@S:
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Figure 6.1 Representative SEM image of (a) ZnS/C@S and STEM image of (b) ZnS/C@S; (c)
SEM image of Co1-ZnS/C@S and (d) STEM image of Co1-ZnS/C@S; (e) EDS mapping of Co1ZnS/C@S; (f) Co K-edge XANES spectra and (g) EXAFS spectra of Co foil, Co 1-ZnS/C@S and
CoS. The insets of (b) and (d) show the corresponding particle size distributions.

Figure 6.2 STEM images of C@S.

Figure 6.3 STEM images of ZnS/C@S.
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Figure 6.4 (a) EDS mapping of ZnS/C@S. (b) Elemental calculations of ZnS/C@S that C: 9 %
N: 4.3 % Zn: 12.7 % S: 74 %.

According to Figure 6.1, a homogeneous distribution of ZnS coupled with nanoparticles is
embedded on the microspheric skeleton. The particle size of ZnS is around 20 nm for the sample
of ZnS/C@S, but ~5 nm for the Co1-ZnS/C@S. Meanwhile, the interplanar spacing is 0.28 nm
which is corresponding to the (110) plane of ZnS (Figure 6.1b). 170 To calculate the particle size
of ZnS in ZnS/C@S, we randomly took several images (Figure 6.3) of ZnS/C@S, which
suggests the ZnS particles are mainly over 15 nm (86 %) (inset Figure 6.1b). EDS mapping of
ZnS/C@S is also shown in Figure 6.4. Figure 6.1c and d show images of Co1-ZnS/C@S.

Figure 6.5 STEM images of Co1-ZnS/C@S.
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Figure 6.6 The doping of Co2+ which replaces part of Zn2+ and coordinates with 2methylimidazole.

Figure 6.7 the elemental calculations of Co1-ZnS/C@S that C: 12.1 % N: 3.9% Co: 1.8 % Zn:
8.3 % S: 73.9 %.

With the doping of atomic Co, the particle size of the ZnS quantum dots shrinks according to
our counting (Figure 6.5). The size of the ZnS quantum dots is mainly below 10 nm (83 %). The
Co1 doping originates from Co2+, which takes the place of part of the Zn2+ and coordinates with
N (Figure 6.6). During the sulfuration process, neighboring Zn atoms gather together and react
with S, resulting in ZnS quantum dots, but the isolated Co 2+ is confined by nitrogen bond and
becomes atomic Co. According to the EDS mapping (Figure 6.1e), the five elements are finely
dispersed in a nanoparticle skeleton. The elemental calculations confirm a large proportion of S,
which accounts for 73.9 % of the total mass, while atomic Co only accounts for 1.8 % but evenly
dispersed in nanoparticle skeleton (Figure 6.7).

Figure 6.8 STEM images of Co1/C@S.
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Figure 6.9 (a) EDS mapping of Co1/C@S. (b) Elemental calculations of ZnS/C@S that C: 19 %
N: 2.3 % Co: 2.1 % S: 76.6 %.

Figure 6.10 TGA test for Co1/C@S, Co1-ZnS/C@S and ZnS/C@S indicates sulfur account for
60 %, 65 % and 62 % in corresponding samples.

Figure 6.11 BET analysis confirms the specific area of Co1/C, Co1-ZnS/C and ZnS/C with 756,
1012 and 928 m2 g−1 respectively.
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Figure 6.12 XRD confirms crystalline S (JCPDF: 04-012-1107) and planes of crystalline ZnS
(001), (101) and (110).

A large number of bright dots (~3 Å) are randomly distributed in the carbon matrix, which also
exist in the sample of Co1/C@S (Figures 6.8 and 6.9) suggesting the existence of Co1 atom. The
single Co atoms are connected with N-doped carbon matrix to maintain the stable energy state
that exists in the nanoparticles.189 TGA further confirms a large amount of S contained in the
Co1/C@S, Co1-ZnS/C@S and ZnS/C@S with 60, 65, and 62 wt%, respectively (Figure 6.10).
Once the sulfur has been removed by immersing samples in CS 2, BET analysis further confirms
the specific surface areas of Co1/C, Co1-ZnS/C and ZnS/C with 756, 1012 and 928 m2 g−1
respectively (Figure 6.11). The high surface area makes sure considerable porous space for
storing sulfur, which is fundamental for cathode host in RT Na-S batteries. According to the
XRD, the sulfur existing in the three samples is crystalline S (PDF: 04-012-1107) (Figure
6.12).14

Figure 6.13 XPS of Co1-ZnS/C@S and ZnS/C@S in Zn 2p region.
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Figure 6.14 XPS of Co1/C@S, Co1-ZnS/C@S and ZnS/C@S in S 2p region.

Figure 6.15 Raman spectra of Co1-ZnS/C@S.

Figure 6.16 FT-IR spectra of Co1-ZnS/C@S.

Besides, XPS in the Zn 2p region (Figure 6.13) shows that Co 1-ZnS/C@S has two peaks
located at 1044.5 and 1021.4 eV, which are assigned to Zn 2p 1/2 and Zn 2p3/2 of ZnS,
respectively.165 In the S 2p region (Figure 6.14), three peaks at 167.9, 165.2, and 163.3 eV are
assigned to sulfide, S 2p1/2, and S 2p3/2, respectively for Co1/C@S.154 After doping with ZnS, two
new peaks situated at 169.8 and 164.2 eV correspond to S 2- 2p1/2 and S2- 2p3/2, respectively.
Raman spectrum and FT-IR also confirm the presence of ZnS in the Co1-ZnS/C@S (Figure 6.15
and 6.16).172 In the case of atomic Co, X-ray adsorption near-edge structure (XANES) spectra
(Figure 6.1f) show that the position of the Co1-ZnS/C@S is located between those of Co foil and
CoS, indicating that the valence state of atomic Co is situated between that of Co 0 and Co2+.164
The extended X-ray adsorption fine structure (EXAFS) spectrum exhibits Co-N coordination
with a peak at 1.42 Å for Co1-ZnS/C@S, while there are Co-Co and Co-S bonds at 2.15 Å and
1.84 Å for Co foil and CoS, respectively (Figure 6.1g). 171 The assembled coin cells were tested
in the voltage window of 0.8–2.8 V and the mass of sulfur was calculated according to the TGA
result. The Co1-ZnS/C@S electrode evidently showed the highest CE among four samples during
the first 150 cycle. Consequently, the Co-ZnS/C@S battery got better capacity retention and
cycling stability and delivered a remarkable capacity of 640 mAh g−1 over 500 cycles at a current
density of 0.1 A g−1 with a sulfur loading of 65 % (Figure 6.17a).
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Figure 6.17 (a) Cycling performances at 0.1 A g-1 and (b) rate performances for C@S,
Co1/C@S, ZnS/C@S, and Co1-ZnS/C@S. (c) Discharge/charge curves of Co1-ZnS/C@S at 0.1
A g-1. (d) Cyclic voltammetry curves for Co1-ZnS/C@S at 0.1 mV s-1.

Figure 6.18 EIS and randles equivalent circuit of (a) Co1-ZnS/C@S and (b) ZnS/C@S.

The excellent cycling performance of Co1-ZnS/C@S electrode is reliably attributed to the
strong chemical bonding between NaPSs and ZnS quantum dots. Meanwhile, the doping with Co
atoms can decrease the particle size of ZnS quantum dots and effectively improve the
conductivity, according to the EIS (Figure 6.18). Moreover, the Co 1-ZnS/C@S electrode also
presents excellent rate performance, delivering reversible capacity of 807, 705, 620, and 390
mAh g−1 at current densities of 0.2, 0.5, 1.0, and 3.0 A g−1, respectively (Figure 6.17b). Upon
reverting to 0.2 A g−1, it shows a fully restored capacity of 680 mAh g−1 after 160 cycles. When
we investigate the cycling process, the charge/discharge plateau (Figure 6.17c) can be clearly
distinguished for Co1-ZnS/C@S electrode at 0.1 A g−1. In the first cycle, discharge plateaus
above 2.0 V are attributed to the reduction from sulfur to long-chain polysulfides. As the voltage
drops below 1.5 V, the plateau corresponds to the formation of short-chain NaPSs. Interestingly,
the plateau above 2.0 V disappeared in the following cycles and a well-defined plateau around
1.5 V became clear and is highly repeatable. This suggests that the transition between long-chain
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and short-chain NaPSs is highly reversible, in which most of the reversible capacity is generated
at a scan rate of 0.1 mV s-1 as shown in Figure 6.17d. There are two prominent peaks centered at
2.2 and 0.9 V during the first cathodic scan. The peak around 2.2 V corresponds to the transition
from crystalline sulfur to long-chain NaPSs, while the sharp peak at 0.9 V corresponds to the
formation of short-chain NaPSs during further sodiation. In the following three cathodic scans,
two major repeatable reduction peaks appear at 1.4 and 1.1 V, which correspond to the
conversion from long-chain to short-chain NaPSs and the formation of Na2S, respectively. The
highly repeatable scans without current attenuation indicate a reversible reaction mechanism
with high capacity retention in this system. Energy density is another important parameter to
evaluate performance of cathode materials. In the voltage range from 0.8 to 2.8 V, Co 1ZnS/C@S cathode whose energy density can reach to 541 Wh kg-1 after 500 cycles shows
promising energy density retention of 60.1 % after activation (Figure 6.19). Some concerns may
focus on the role of ZnS-QDs which may generate capacity instead of S. But ZnS-QDs are
actually accounted for 8 % mass of Co1-ZnS/C@S cathode and hardly generate sufficient
capacity. To explain this point, we prepare Co 1-ZnS/C by evaporating S out of Co1-ZnS/C@S
via annealing the sample at 275 °C with N2 flow. The resulting Co1-ZnS/C electrode shows only
25 mAh g-1 reversible capacity (Figure 6.20) in the voltage range from 0.8 to 2.8 V indicating
ZnS-QDs function as catalyst within Co1-ZnS/C@S cathode for accelerating the reaction of
soluble NaPSs.

Figure 6.19 Energy density of Co1-ZnS/C@S in the voltage range of 0.8-2.8 V materials at
current density of 0.1 A g-1. After 500 cycles, there is still 541 Wh kg-1 of energy density and its
retention reaches to 60.1 % after activation.

Figure 6.20 Discharge/charge curves of (a) Co1-ZnS/C at 0.1 A g-1 within voltage range from 0.8
to 2.8 V.
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To gain chemical insight into the highly reversible reactions of Co 1-ZnS/C@S, in-situ
synchrotron XRD (λ = 0.688 Å) was carried out on the Powder Diffraction Beamline (Australian
Synchrotron) to investigate the charge/discharge products and intermediate phases (Figure
6.21).160 There is a strong peak in the pristine cell located at 14.5°, which can be indexed to the
(013) plane of sulfur (PDF: 04-012-1107).190 The transition from S to long-chain NaPSs started
from 2.2 V.191 During this voltage range, no indication of long-chain NaPSs can be indexed to
XRD pattern indicative of a fast transition from long-chain NaPSs to short-chain NaPSs. As the
voltage drops down to 1.2 V, a new peak at 15.2 V appears with the sacrifice of sulfur. This new
peak, indexed to (100) plane of Na2S2 (PDF: 01-081-1771), becomes strong and reaches its
maximum at the voltage of 1.0 V.169, 177 But the peak of Na2S2 gradually fades as the signal of
Na2S (PDF: 01-070-7161) emerges with further discharging to 0.8 V, which signifies the final
discharged product in Co1-ZnS/C@S cathode.104, 160

Figure 6.21 (a) In-situ synchrotron X-ray diffraction patterns of Co1-ZnS/C@S with the initial
galvanostatic charge/discharge curves at 0.5 A g−1. XPS spectra of Co1-ZnS/C@S in the (b) S 2p
and (c) Zn 2p regions when half coin-cells were charged/discharged to different voltages. (d)
Raman spectra of Co1-ZnS/C@S when the half coin-cells were charged/discharged to different
voltages. (e) Photographs (inset) and ultraviolet-visible spectra of the Na2S6 solution before and
after exposure to C and Co1-ZnS/C. (f) STEM images of the Co1-ZnS/C@S after 500 cycles. (g)
Density functional theory (DFT) calculation results for NaPSs and ZnS (110).

Compared with previous reportss, no signal referring to long-chain polysulfides and Na2S4 can
be traced according to in-situ XRD, indicative of a fast transition of these mid-products.43, 81 The
fast transition of soluble NaPSs can effectively prevent shuttle effect, therefore, the Co 1ZnS/C@S cathode achieves ultra-high capacity in the 1st discharge. Such a high efficiency of
long-chain NaPSs transition is benefited from the catalysis of ZnS-QDs, which will be further
studied by the means of DFT calculation. Combined with previous CV analysis, we confirm that
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sulfur mainly undergoes three intermediate phases in Co 1-ZnS/C@S cathode from long-chain
NaPSs to Na2S2 and finally Na2S in the initial discharge.176 During the charging process, the peak
of Na2S2 is appeared again, suggesting a good reversiblity in this system. As the voltage is
charged back to 2.8 V, peaks of non-conductive Na2S2 and Na2S are hardly seen, indicative of
outstanding conductivity in the Co1-ZnS/C@S electrode. The shuttle effect of soluble NaPSs and
irreversibility of poor-conductive Na2S are main reasons for low reversible capacity in RT Na-S
batteries.192 But owing to the co-catalysis of ZnS-QDs and Co atom, the shuttle effect is
significantly prevented by ZnS-QDs while the irreversibility is improved by conductive Co atom.
Therefore, the Co1-ZnS/C@S electrode shows good reversibility in chemical changes, which is
essential to maintain outstanding cyclability in RT Na-S batteries. To further prove the reversible
reaction, Ex-situ XPS was further applied to study the changes in the binding energy in the S 2p
(Figure 6.21b) and Zn 2p (Figure 6.21c) regions. Pristine Co 1-ZnS/C@S shows five peaks in the
S 2p region located at 169.8, 168.0, 165.4, 164.2 and 163.2 eV which are assigned to S 2- 2p1/2,
soluble sulfate, S 2p1/2, S2- 2p3/2 and S 2p3/2, respectively.193 As the voltage of Co1-ZnS/C@S
electrode dropped to 0.8 V, Na+ insertion leads to the formation of Na2S, which is reflected in a
new peak at 160.4 eV, while soluble sulfate dissolves into the electrolyte. 51 This result is
coordinated with in-situ XRD. As voltage is charged back to 2.8 V, the intensity of Na2S falls
off, indicating that nonconductive Na2S has been reversibly transformed into long-chain NaPSs
with an increasing intensity of S 2p1/2 and S 2p3/2.53 Previous reports on RT Na-S batteries show
that Na2S is difficult to reverse to long-chain NaPSs because of poor conductivity.29 Thanks to
good dispersion of Co atom on Co1-ZnS/C@S particle, conductivity of the Co1-ZnS/C@S is
significantly improved, therefore, nonconductive Na2S can be reversibly transformed into longchain NaPSs. Regarding to the Zn 2p region, two peaks at 1044.1 and 1021.9 eV correspond to
Zn 2p1/2 and Zn 2p3/2, respectively. When the coin cell is discharged to 0.8 V, a new peak at
1033.6 eV arises while the intensities of Zn 2p 1/2 and Zn 2p3/2 are a little bit decreased. Since this
peak appeared with the insertion of Na+, it should be assigned to NaxZnS, which explains where
does the reversible capacity of Co1-ZnS/C come from.133 As voltage charging back to 2.8 V, the
signal of NaxZnS is disappeared, which suggests a reversible reaction for Na-ion
inserting/extracting in ZnS lattice. Although previous chemical tests have witnessed a reversibly
chemical reaction in Co1-ZnS/C@S electrode, the final product after charging back to 2.8 V is
still obscured. To find out the specific composition of long-chain NaPSs in 2.8 V, Ex-situ Raman
spectra is applied. Figure 6.21d shows three peaks corresponding to ZnS and S of Co 1-ZnS/C@S
in the pristine stage. As the voltage drops down to 0.8 V, the peaks of ZnS slightly shift upward,
which may correspond to Na-ion insertion. As the voltage charged back to 2.8 V, they shift
backward to the pristine stage, which is consistent with the sodium insertion and extraction
processes.180 Meanwhile, the chemical changes from S to Na2S and Na2S8 during
discharge/charge processes are proved in the Raman test. Thanks to Co atom, non-conductive
Na2S can be fully transformed to Na2S8 while ZnS-QDs offer strong adsorption toward soluble
Na2S8 preventing the shuttle effect. Furthermore, the strong adsorption of the ZnS-QDs toward
NaPSs is evidenced by the ultraviolet-visible (UV–vis) spectra (Figure 6.21e).
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Figure 6.22 (a) EDS mapping and (b) element distribution of Co 1-ZnS/C@S after 500 cycles.

The Na2S6 solution exposes for 30 min to Co1-ZnS/C powder exhibits this more clearly than
after exposure to the blank C, suggesting the effective adsorption capability of ZnS quantum dots
towards NaPSs. Based on the above studies, the conclusion can be reached that, the benefit of
ZnS-QDs contributes to adsorb soluble NaPSs and suppresses the shuttle effect. The strong
adsorption is further visualized in the STEM images (Figure 6.21f). After 500 cycles at 0.1 A g-1,
the Co1-ZnS/C@S electrode is discharged to 0.8 V. The resulting particle is dispersed in
electrolyte and studied via STEM test. DFT calculations (Figure 6.21g) confirm that ZnS can
strongly adsorb NaPSs with binding energies ranging from −0.7 to −3.1 eV. During the
discharge/charge process, NaPSs exhibit smooth energy states and low energy barriers due to the
catalysis of ZnS-QDs, which is important for reversible conversion. The Co1-ZnS/C@S particle
retains a stable microstructure, and there are numerous crystals dispersed in the surface, which
have been further visualized by EDS mapping (Figure 6.22). According to the crystal plane
spacing, planes of ZnS (002), NaxZnS (002), and Na2S (110) are confirmed.181 The close distance
between Na2S and ZnS indicates promising bonding between the two of them. This bonding is
fundamental to the confinement of NaPS, resulting in outstanding capacity. To further illustrate
the effect in mitigating shuttling effect, we disassembled the battery cells after 500 cycle in
argon-ﬁlled glove box and took a close look at the separator (Figure 6.23). The separator in C@S
electrode has turned into yellow colour indicative of a strong shuttle effect from polysulfides.
The colour in Co1/C@S separator is still yellow but not as strong as C@S. For ZnS/C@S and
Co1-ZnS/C@S, the separator is almost colourless indicating that most of polysulfides are still
trapped in cathode host.

Figure 6.23 (a)-(d) images of separator in C@S, Co1/C@S, ZnS/C@S and Co1-ZnS/C@S
electrodes after 500 cycle.
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In order to gain atomistic insight into the mechanism behind the ZnS-QDs and polysulfides,
DFT calculations were performed to explore their composite structure and determine the role of
ZnS-QDs in the adsorption and transformation of polysulfides. As the ZnS-QDs synthesized in
our experiment have diameters of a few nanometers, we considered slab models of ZnS crystals
in the zinc blende structure. To explore the catalytic activities of ZnS-QDs towards polysulfide
conversion, we considered the (110) surface of ZnS, which are the most stable facets. The
structures of various Na2Sx (x = 1, 2, 6, 8) adsorbed on these model structures were simulated,
and their binding energies were calculated as:
1. Eb = E(catalyst + Na2Sx) – ENa2Sx − Ecatalyst
where E(catalyst + Na2Sx) and Ecatalyst are the energies of catalyst with and with adsorption of Na 2Sx,
respectively; ENa2Sx is the energy of a free Na2Sx cluster. The deposition on ZnS of different types
of sodium polysulfides is modelled. DFT calculations (Figure 6.21g) conﬁrm that ZnS can
strongly adsorb NaPSs with binding energies ranging from -0.7 to -3.1 eV. During
discharge/charge process, NaPSs exhibit smooth energy states and low energy barriers due to the
catalysis of ZnS-QDs, which is important for reversible conversion. In the case of atomic Co, Xray adsorption near-edge structure (XANES) spectra (Figure 6.24a, b) show that the position of
the Co1-ZnS/C@S is located between those of Co foil and CoS, indicating that the valence state
of atomic Co is situated between that of Co 0 and Co2+.164 Meanwhile, the Fourier transform [k3
χ(k)] of the phase-uncorrected EXAFS spectrum exhibits Co-N coordination with a peak at 1.42
Å for Co1-ZnS/C@S. Based on the fitting result (Table 6.1), the coordination model between Co
atom and N on carbon layer shown in Figure 6.24c. In addition, incorporation of Co single atom
into the ZnS-QDs can further promote the transformation of sodium polysulfides during the
charging process, as well as improve conductivity of cathode host to ensure complete conversion
of non-conductive Na2S (Figure 6.24-6.26 and Table 6.1).

Figure 6.24 (a) Co K-edge XANES spectra of the Co1-ZnS/C@S sample. (b) Fourier transform
[k3 χ(k)] of the phase-uncorrected EXAFS data of Co1-ZnS/C@S and its fitting result. (c) The
coordination model between Co atom and N on carbon layer based on the fitting result.

Table 6.1 EXAFS fitting parameters at the Co K-edge for various samples.
Shell
Co-N

a

R

Na

(Å) b

1.5

1.66

σ2 (Å2·10-3) c
2.9

R factor
(%)
0.2

N: coordination numbers; b R: bond distance; c σ2: Debye-Waller factors; R factor: goodness of
fit. Ѕ02 were set as 0.9 for Co-N, which were obtained from the experimental EXAFS fit of
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reference CoPc by fixing CN as the known crystallographic value and was fixed to all the
samples.

Figure 6.25 (a) Comparison of binding energies of polysulfides on ZnS (110) and Co1@NG. (b)
Local density of states (LDOS) for ZnS (110) and Co1@NG. The black dashed line indicates the
Fermi level. Co1@NG was modelled by a single Co atom bonding with two N atoms embedded
in the divacancy of graphene monolayer, which is based on our experimental XAS fitting that
Co−N coordination number is about 2.

Figure 6.26 Top panels: atomic structures of polysulfides adsorbed on Co 1@NG. Bottom panels:
comparison of energy diagrams of charging/discharging processes on ZnS (110) and Co1@NG.
Our results show that the Co single atom provides moderate binding energies for the
polysulfides, resulting in a low charging potential of only 0.91 V, even lower than that of ZnS
(110) (2.64 V).

Regarding to the Local density of states (LDOS) of the ZnS and Co 1@NC in Figure 6.25b,
LDOS in red is ZnS (110) and LDOS in blue is Co 1@NG. The black dashed line indicates the
Fermi level. Co1@NG was modelled by a single Co atom bonding with two N atoms embedded
in the divacancy of graphene monolayer, which is based on our experimental XAS fitting that
Co−N coordination number is about 2. Both ZnS (110) and Co1@NG exhibit metallic
conductivities as there are bands across the Fermi level. ZnS-QDs provide strong adsorption
toward NaPSs prohibiting the shuttle effect of soluble NaPSs. These two polar catalysts secure
efficient polysulfide fixation and reversible conversion for RT Na-S batteries. To gain visual
insight into the cycling process, in-situ TEM is applied to record the sodiation/desodiation of
Co1-ZnS/C@S (Figure 6.27). The sodium insertion/extraction process is conducted by the direct
contact of Na and cathode material in electric circuit (Figure 6.28). By controlling the current
direction, we can let sodium insert to or extract out of cathode host.
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Figure 6.27 In-situ TEM images of Co1-ZnS/C@S during (a) sodiation and (b) desodiation
processes. (c) In-situ SAED patterns of Co1-ZnS/C@S at various state.

Figure 6.28 Schematic representation for the in-situ TEM configuration.

Here, the nanoparticles are loaded with sulfur as cathode host to prevent the NaPSs from
expanding out of the hierarchical cages during sodiation/desodiation. As shown in Figure 6.27a,
a pristine Co1-ZnS/C@S with a length of 897 nm gradually expands during sodiation. The slight
volume expansion buffers the increasing volume of S, which continuously reacts with Na + and
resulted in long-chain NaPSs. After the end of the sodiation process, the length of the
nanoparticle expands to 1017 nm, with a volume expansion of 13 %. The volume variation of the
nanoparticle along with volume expansion of NaPSs confirms that the ZnS quantum dots can
effectively confine NaPSs in the nanoparticles. The strong electron beam of in-situ TEM may
increase the experimental temperature. Thanks to the carbon host, most of thermal energy has
been blocked. Therefore, the inner sulfur which stored in the pore of carbon host will not
evaporate out. Evidence from the volume change during sodium insertion/extraction also proves
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the existence of sulfur within carbon host. According to the in-situ SAED (Figure 6.27c),
diffraction spots of ZnS (001) and (110) were observed in the pristine particle. After the initial
sodiation process, the anchored Na2S is clearly observed, indicating highly efficient
immobilization by ZnS quantum dots. In addition, a new diffraction spot with a recognizable
reflection of the (002) planes of NaxZnS is observed after 189 s, when Na ions are introduced
into Co1-ZnS/C@S. Traces of NaxZnS are found to coexist with ZnS in the sodiation process,
demonstrating that Na+ partially intercalates into ZnS. While Na is extracted out of the
nanoparticle (Figure 6.27b), the diffraction spot of Na xZnS also disappears, along with a
reduction in volume from 986 nm to 908 nm. 194 This intercalation-type ZnS quantum dots
therefore have fast kinetics, since NaxZnS has high polaron mobility.24 Meanwhile, Na2S is
disappeared after sodium extraction indicating the benefit of conductive Co 1 atom catalyzing the
transition of non-conductive Na2S. Consequently, the affinity for NaPSs of the novel host can be
attributed to the intercalation-type ZnS quantum dots, conductive Co atoms, and stable carbon
nanoparticles, thereby suppressing the shuttling effect and resulting in stable cyclability.

6.4. Conclusions
In summary, the as-prepared Co1-ZnS/C@S features high surface area (1012 m2 g−1), a small
particle size but well dispersion of ZnS quantum dot (~10 nm), and conductive atomic Co
doping. In situ synchrotron XRD, in situ TEM, and XAS results confirm that the hierarchical
microparticles coupled with the effective ZnS quantum dots and conductive single-atom Co1,
which simultaneously endowed the Co1-ZnS/C@S cathode with outstanding reversible capacity
and long lifespan. Significantly, the soluble NaPSs can be strongly adsorbed and predominantly
catalyzed on the polar surfaces of the ZnS quantum dots while conductive Co 1 atom catalyzing
the transition of non-conductive Na2S during charge. Therefore, Co1-ZnS/C@S undergoes a fast
sodiation process to form Na2S2 intermediate with low diffusion barriers and to subsequently
transform it into the final discharge product, Na 2S, preventing the active material from dissolving
in the carbonate electrolyte. Consequently, the S cathode achieves much enhanced Na-storage
properties, in terms of high accessible capacity (640 mAh g-1 after 500 cycles), long cycling
lifespan, and excellent energy density (541 Wh kg-1). By introducing atomic Co doping and
downsizing ZnS-QDs catalyst in the host, this work will open up a new avenue to optimize S
cathodes for superior RT Na-S batteries.
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Chapter 7
7. Understanding sulfur redox mechanisms
electrolytes for room-temperature Na-S batteries

in different

7.1. Introduction
The room-temperature sodium-sulfur (RT Na-S) battery as an emerging energy system is
arousing tremendous interest.24, 27, 29, 82, 159, 183, 195 Compared to other energy devices, RT Na-S
battery is feature with high theoretical energy density (1274 Wh kg -1) and the abundance of
sulfur and sodium resources. 1-4,

9, 196-199

Whereas two main problems are important for the

development of the RT Na-S battery in comparison to Li-S battery.98, 200 The first one is the S
cathode: In recent studies on RT Na-S batteries, the sulfur tended to be implanted into a specific
carbon host via thermal treatment (above 155°C). The resulting sulfur content is mainly stored in
the pores of the cathode host with a small amount of sulfur dispersed on the surface. 26, 43, 81 To
improve the cyclability, catalysts with strong adsorption are also doped into the host to confine
the shuttle effect of dissolved polysulfides (PSs) and improve cyclability. 159 This method
effectively improves the sluggish kinetics and poor conductivity of sulfur, but the problem is that
the resulting sulfur content is low, accounting for around 50 % of the total mass. Meanwhile, the
catalysts further increase the mass of the electrode, causing low energy density. To address the
low sulfur content in the cathode, recent studies on the Li-S battery usually sulfurated the
cathode host at the relatively low temperature of 155 °C for 12 h, and the resulting sulfur content
was usually above 70 %.13, 184 The high sulfur content was beneficial to the actual energy density,
which is one of the most important parameters for practical applications. 201 The second problem
is the electrolyte: Most of studies on RT Na-S batteries usually apply a EC/DEC/PC electrolyte
with the addition of FEC additive, which is helpful for forming a stable SEI and obtaining stable
cyclabilty, although the side reactions between NaPSs and carbonate ester electrolyte cause low
initial CE.23 Meanwhile, the high price of carbonate ester electrolyte also reduces commercial
interest in the RT Na-S battery.202 For Li-S battery, the S cathode employs ‘solid-solid’
conversion with S confined in microporous carbon host while performs ‘solid-liquid’ conversion
with S stored in mesoporous carbon host.67 The ‘solid-solid’ conversion usually took place in
molecular sulfur (S2-4), atomic sulfur (sulfurized polyacrylonitrile (SPAN) as a representative) or
in electrolytes that were non- or sparingly-solvated towards polysulfides (PSs) with conventional
C/S composite cathodes.191, 203-206 In this case, however, the slow kinetics, low sulfur content, and
side reactions hindered its further applications 36. Recent studies found that an ether electrolyte,
1,3-dioxolane/ 1,2-dimethoxyethane (DOL/DME = 1:1) was more promising in application with
a dual discharging platform. 207-209 DME offers high LiPSs solubility and fast reaction kinetics,
while DOL forms a more stable solid-electrolyte interface on the Li surface and provides low PS
solubility.138 With the addition of LiPF6 salt and LiNO3 additive, a uniform SEI is formed on the
surface of the Li metal, which allows dissolved PSs undergo reversible reactions during cycling,
resulting in a dual voltage platform (around 2.3 V and 2.1 V) in the discharging process with
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high sulfur content (above 70 %).36, 210-211 Learning from Li-S battery, the S content in cathode
should be over 70 % to achieve practical expectations. In such a high S content, partial S has to
disperse on the surface of cathode host, which inevitably causes side reaction between
polysulfides and carbonate ester solvent.67 The side reaction not only consumes electrolyte but
significantly reduces reversible capacity. Therefore, it is necessary to develop different
electrolyte and study the S redox mechanism in RT Na-S battery.
In this work, we increase the sulfur utilization from ~44 % to 72 % for the RT Na-S batteries
via solid-liquid conversion in ether electrolyte. Previous studies often used carbonate ester
electrolyte in RT Na-S batteries, which went through a slow ‘solid-solid’ conversion in the sulfur
cathode and achieved stable cyclability. The sulfur content was usually around only 50 %,
however, which was too low for practical applications. To increase the sulfur content, we study
two major sulfur species and their electrochemical behaviour in two dominant nonaqueous
electrolyte systems, carbonate ester electrolyte and ether electrolyte. The sulfur-rich sample
(155S) has high sulfur content (72 %) with most of sulfur on the surface of the cathode host,
which suffers from severe nucleophilic addition or substitution reactions between the
nucleophilic polysulfide anions and carbonate ester solvents, thus causing a rapid capacity
fading. On the other hand, sulfur in the pores (300S), features with low sulfur content (44 %)
manifesting the ‘solid-solid’ reaction in both carbonate ester and ether electrolytes. To improve
cyclability of the 155S, TEGDME electrolyte is applied, in which dissolved polysulfides can
stably exist. However, the dissolved polysulfides cause serious shuttle effect, which also results
in poor cyclability. To address this problem, NaNO3 additive is applied to form a stable SEI to
confine the deposition of non-conductive Na2S on sodium foil. Overall, the resulting 155S
electrode not only achieves high sulfur content (72 %), but also stable cyclability with 483 mAh
g-1 reversible capacity and 362 Wh kg-1 energy density. The ‘solid-liquid’ conversion in ether
electrolyte provides pathways for ionic conduction in the sulfur-rich cathode, shedding light on
how to achieve practical application of the RT Na-S battery.

7.2. Experimental Section
7.2.1. Samples preparation
Preparation of pristine carbon host: In a typical procedure, Zn(NO3)2·6H2O (6.4 mmol) and 2methylimidazole (3.2 mmol) were dissolved in 80 ml methanol and stirred for 5 min. After aging
for 12 h, the as-obtained precipitates were centrifuged, washed with ethanol several times, and
dried in vacuum at 70 °C overnight. The as-obtained purple powder was annealed at 1000 °C for
5 h with a heating rate of 2 °C/min in N 2.
Preparation of the 155S: The obtained carbon host was mixed with sulfur powder in the mass
ratio of 1:3. The mixture was sealed in a glass tube and annealed at 155 °C for 12 h. The
resultant powder was denoted as 155S.
Preparation of the 300S: Pristine carbon host was mixed with sulfur powder in the mass ratio of
1:3. The mixture was sealed in glass tube and annealed at 155 °C for 12 h, at which solid S
turned into liquid S and evenly mixed with carbon host. The temperature was then further
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increased to 300 °C with a dwell time of 5 h. At 300 °C, the liquid S is boiling and easily gets
into the inner pore of carbon host.
7.2.2. Electrochemical measurement
The electrochemical performance of the batteries was tested on a LAND Battery Tester with a
voltage window of 1.7–2.8 V for the Li-S battery and 0.8–2.8 V for the RT Na-S battery. All the
capacities of cells have been normalized based on the weight of sulfur. CV was performed using
a Biologic VMP-3 electrochemical workstation. Calculation of the lithium-ion diffusion
coefficient: In order to explore the lithium diffusion properties, we performed CV measurements
under different scanning rates. All the cathodic and anodic peak currents are linear with respect
to the square root of the scan rate, from which the lithium diffusion performance can be
estimated using the classical Randles-Sevcik equation:
1. Ip= (2.69×105)n1.5AD0.5Cν0.5
Where Ip is the peak current, n is the charge transfer number, A is the electrode area, D is the
lithium-ion diffusion coefficient, C is the Li+ concentration, and ν is the scan rate.

7.3. Results and Discussion
Figure 7.1a presents a schematic illustration of the 155S sample, where the sulfur mainly
covered the surface of carbon host. When conducting the SEM, the 155S sample had to be
prepared with Pt spray to improve the conductivity and was evenly dispersed on a silicon wafer.
Even so, the resulting image does not look very clear because the non-conductive sulfur mainly
covered the surface of the carbon host, affecting resolution (Figure 7.1b). In comparison, the
300S powder was simply pasted on conductive plastic for its SEM image (Figure 7.1f). The
resulting image of 300S is much clearer than that of 155S, indicating that the 300S has better
conductivity than the 155S. According to the EDS mapping, the sulfur on the 155S has strong
intensity on the surface, while the sulfur in the 300S is evenly dispersed throughout the whole
particle. These findings demonstrate that the surface of the 155S sample is mainly composed of
sulfur, while the majority of the sulfur in the 300S is stored in the pores of the cathode host.

Figure 7.1 (a) Schematic illustration of the 155S. (b) SEM images of the 155S. (c) STEM image
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of the 155S. (d) EDS mapping of the 155S. (e) Schematic illustration of the 300S. (f) SEM image
of the 300S. (g) STEM image of the 300S. (h) EDS mapping of the 300S.
To study the phases of 155S and 300S, powder XRD is employed. There are two different
patterns for the 155S and the 300S, indicating they contain different types of sulfur. For the
155S, strong peaks at 23.1°, 25.8°, 26.7°, and 28.7° are indexed to the (111), (013), (311), and
(313) planes of crystalline S8 (PDF: 01-078-1888), respectively (Figure 7.2a).23 This result is in
accordance with most studies on Li-S batteries, in which cathode hosts are sulfurated at 155
°C.148, 212-213 In the case of the 300S, strong peaks at 23.8°, 24.1°, 24.4°, and 28.1° are indexed to
the (212), (130), (012), and (132) planes of crystalline S (PDF: 04-007-2069), respectively. Some
studies also sulfurated their cathode hosts at 300 °C with residual S8.26 To remove the residual
S8, it is found to be advisable to extend the holding time at 300 °C to 5 h. The TGA curve shown
in Figure 7.2b confirms the different amounts of S contained in the 155S and 300S, with 72 and
44 wt%, respectively. Significantly, the S loading ratio in the 155S is much higher compared
with the 300S. There are two main states of fast weight loss with rising temperature in the two
samples. Sulfur on the surface is easily evaporated in the low-temperature state, while the sulfur
stored in the porous structure of the carbon host requires more energy to evaporate out.

Figure 7.2 (a) XRD patterns of the 155S and 300S. (b) TGA curves of the 155S and 300S. (c)
BET isotherms of the pristine carbon host, 155S, and 300S. (d) Pore dispersions of the pristine
carbon host, 155S, and 300S.

In the case of the 155S, crystalline S8 on the surface of the carbon host sublimes at a relatively
low temperature of ~290 °C, which accounts for ~62 wt. % of the total mass. Then, a small
amount of sulfur conﬁned in the pore structure evaporates when the temperature increases from
290 to 460 °C with a weight loss of ~10 wt. %. In comparison, the 300S goes through a slight
weight loss (~4 wt. %) at low temperature (below 290 °C). As the temperature further increases
to 460 °C, a large amount of sulfur (~40 wt. %) evaporates out, suggesting that the 300S is
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mainly composed of sulfur in the pore. Regarding the BET analysis, a large specific surface area
is confirmed in pristine carbon host with 641.3 m2 g-1. After sulfuration at 155 °C, the resulting
155S shows a much lower specific surface area with only 54.2 m2 g-1, because the implanted
sulfur significantly increases the mass of sample. A similar profile is also found for the 300S
sample, where the specific surface area slightly increases to 89.3 m2 g-1 after most of the surface
sulfur evaporated out. The hierarchical pore structure can be evaluated by the pore size
distributions in Figure 7.2d. Mesopores are pores of internal width between 2 and 50 nm,
while micropores are defined as pores with internal diameters of less than 2 nm. Based on the
BET test, we calculated the pore size distribution of the pristine carbon host. The pore volume of
mesopores is 0.1511 cm3 g-1 while the pore volume of micropores is 0.0367 cm3 g-1 (Figure 7.3).
The total pore volume of mesopores and micropores in the pristine carbon host is 0.1878 cm3 g−1.
After sulfur impregnation, the 155S and 300S samples are observed to have pore volume of
0.1545 cm3 g−1 and 0.0658 cm3 g−1, respectively. The relatively low pore volume in the 300S
suggests that sulfur was implanted into the pore structure of the carbon host, which dramatically
decreased the pore volume. Based on above studies, we find that the 155S had a higher sulfur
proportion (72 %), which is mainly contributed by the S 8 dispersed on the surface, whereas the
300S had only 44 % sulfur content with most of the S stored in the pores of the cathode host.

Figure 7.3 Pore distribution of pristine carbon host.

Figure 7.4 (a) Cycling performances of the Li-S batteries based on 155S and 300S at 0.1 A g-1;
Discharge/charge curves of (b) the 155S and (c) the 300S at 0.1 A g-1.

To investigate the cycling performance of the 155S and 300S in Li-S batteries, we applied a
common ether electrolyte (1.0 M LiTFSI and 0.2 M LiNO3 in 1,3-dioxolane: 1,2dimethoxyethane = 1:1 v/v) in Li-S battery cells.22,

214

Lithium foil functioned as the anode

material, and Celgard 2500 was chosen as the separator. The electrode with the 155S cathode
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delivers a reversible capacity of 491 mAh g −1 after 200 cycles based on the mass of sulfur (72
%). In comparison, the cathode with the 300S (44 % S) realized a high capacity of 696 mAh g-1
(Figure 7.4). Good conductivity and sulfur utilization can usually be achieved with relatively low
sulfur content, leading to high capacity in Li-S battery.211, 215 The discharge/charge curves of the
155S electrode show a dual discharging platform at around 2.3 V and 2.1 V, corresponding to a
‘solid-liquid’ conversion from solid S8 to liquid LiPSs and from liquid LiPSs to solid Li2S,
respectively.216-217 Whereas, the 300S electrode shows only one discharging platform at around
2.1 V, which is a ‘solid-solid’ conversion from solid S to solid Li2S.218 The ‘solid-solid’
conversion usually takes place in molecular sulfur (S2-4), atomic sulfur (SPAN as a
representative), or in electrolytes with non- or sparingly-solvated PSs with a conventional C/S
composite cathodes.191, 203-206 Our finding makes it manifest that the ‘solid-solid’ conversion can
also take place in crystalline S coupled with electrolyte, when S is confined in the pores of the
cathode host. To further visualize this phenomenon, we disassembled the battery cells after
cycling. The electrolyte in the 155S electrode has a yellow color, indicating the presence of
dissolved LiPSs. In comparison, the electrolyte in the 300S electrode remains colorless,
suggesting the absence of dissolved LiPSs (Figure 7.5). To study the lithium-ion diffusion in the
155S and 300S, CV profiles at were collected at different scanning rates (Figure 7.6). The
lithium diffusion coefficients in the two types of sulfur were calculated based on the Randles–
Sevcik equation at a series of CV scanning rates (Figure 7.7) 104.

Figure 7.5 Images of disassembled battery cells with (a) 155S electrode and (b) 300S electrode.

Figure 7.6 CV curves for (a) the 155S and (b) the 300S at different scan rates.
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Figure 7.7 Linear fits of the Ip/ν1/2 for (a) the A1 and (b) the C2 peaks for t155S and 300S. (c)
Corresponding slope values of Ip/ν1/2 for 155S and 300S at the A1 and C2 peaks.

Slopes in the 300S are much steeper than those in the 155S, indicating a better diffusion of
lithium ions in the 300S. Although dissolved LiPSs in the 155S can serve as intrinsic redox
mediators to activate deactivated sulfur and increase the utilization of sulfur, the high sulfur
content and poor contact between carbon host and surface sulfur in the 155S inevitably causes
poor conductivity and sluggish kinetics. With respect to the RT Na-S batteries, we applied a
common carbonate ester electrolyte (1 M NaClO4 in EC/DEC = 1:1 v/v with 5 % FEC additive),
sodium foil as the anode material, and glass fiber as separator. All the battery cells were tested in
the voltage range from 0.8 to 2.8 V. As shown in Figure 7.8a, the 155S electrode delivers a
reversible capacity of 279 mAh g−1 after 200 cycles based on the mass of sulfur (72 %). In
comparison, the cathode with the 300S (44 % S) realizes a high capacity of 535 mAh g-1.
Notably, the initial CE of the 155S (31.7 %) is much lower than that of the 300S (68.6 %).

Figure 7.8 (a) RT Na-S battery cycling performances of the 155S and 300S samples at 0.1 A g-1
in carbonate-based electrolyte. (b) Discharge/charge curves of the 155S at 0.1 A g-1. (c)
Discharge/charge curves of the 300S at 0.1 A g-1. (d) CV curves for the 155S at 0.1 mV s-1. (e)
CV curves for the 300S at 0.1 mV s-1. (f) EIS spectra of the 155S electrode, with the inset
equivalent circuit used to interpret the results.
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The 300S undergoes a complex activation process in carbonate ester electrolytes during the
initial discharge, involving electrolyte decomposition and nucleophilic reactions between
carbonate ester solvents and polysulfides 23. These irreversible reactions lead to the formation of
SEI on the Na anode and CEI on the C/S cathode, and result in large initial discharge capacity.81
However, these reactions are irreversible in the charge causing poor initial CE. For the 155S, in
the 1st discharge, S8 on the surface of carbon host turns into long-chain polysulfides at around 2.0
V but the resulting polysulfides have side reaction with carbonate ester solvents.67 As a result,
the 2.0 V platform is irreversible in following discharge. In following cycles, small amount of
the sulfur stored in the pores of cathode host undergoes a ‘solid-solid’ reaction with sodium,
resulting in a very low initial CE and poor reversible capacity. Regarding to rate performance,
the 155S electrode exhibits performances of 290, 187 and 142 mAh g −1 at 0.1, 0.5 and 1.0 A g−1,
respectively. In comparison, the 300S electrode displays relatively high capacities of 540, 345
and 243 mAh g−1 at 0.1, 0.5 and 1.0 A g−1, respectively, showing the benefit of confined S in
carbonate ester electrolyte (Figure 7.9). The solid-solid process means the reversible conversion
from solid S to solid Na2S without liquid intermediates of polysulfide. Owing to the absence of
liquid polysulfide, the shuttle effect is inhibited in solid-solid conversion, which means
polysulfide cannot dissolve in electrolyte and shuttle to the Na anode. Therefore, the solid-solid
conversion generally delivers more stable cyclability than the solid-liquid counterpart.

Figure 7.9 Rate performances of the 155S and 300S electrodes in carbonate ester electrolytes.
The charging capacity is gradually increased from the 1 st to the 8th cycle, indicative of sluggish
kinetics in the 155S electrode (Figure 7.8b). In comparison, the 300S electrode does not show a
platform around 2.0 V in the initial discharge, indicating sulfur confined in the pores skips the
conversion toward long-chain polysulfides. Thus, the 300S electrode has a much higher initial
CE than the 155S 23. In the following cycles, the 300S electrode shows similar charge-discharge
profiles to the 155S because it is going through the same ‘solid-solid’ conversion from
polysulfides to Na2S (Figure 7.8c). The CV profiles also show similar behaviors in Figure 7.8d
and e. There is a prominent peak centered at 2.2 V during the first cathodic scan for the 155S,
which corresponds to the side reaction between surface polysulfides and carbonate ester solvent.
In the following cathodic scans, a repeatable reduction peak appears at 1.1 V for the 155S and
300S, which corresponds to the formation of Na 2S. The highly repeatable scans without current
attenuation indicate a reversible reaction mechanism with high capacity retention in this system.
According to the EIS in Figure 7.8f, the impedance of the 155S electrode decreases with cycling.
After 10 cycles, the impedance (544 Ohm) is much lower than in the initial state (904 Ohm),
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indicating that the conductivity of 155S will be gradually improved by cycling. Overall, the 300S
electrode (44 % S) shows high capacity in carbonate ester electrolyte because the loaded sulfur
is confined in the pores, which cannot directly contact with solvents and avoid the occurrence of
the side reactions.23 In comparison, although the 155S has a high sulfur content (72 %), most of
sulfur will need to be dispersed on the surface of cathode host. It shows poor cyclability because
of severe side reactions between nucleophilic polysulfide anions and carbonate ester solvents.
Therefore, it is necessary to develop another type of nonaqueous electrolyte, ether electrolyte, for
the S-rich cathode in the RT Na-S battery.

Figure 7.10 Image of NaNO3 dispersed in TEGDME, DOL/DME, and EC/DEC electrolytes
with 1 M NaClO4. NaNO3 could only dissolve in TEGDME.

Figure 7.11 (a) Discharge/charge curves of the 155S in ether electrolyte with NaNO3 additive.
(b) Corresponding CV curves of the 155S in ether electrolyte with NaNO3 additive. (c)
Corresponding EIS spectra of the 155S in ether electrolyte with NaNO3 additive. (d) Cycling
performances of the 155S at 0.1 A g-1 based on the mass of sulfur in ether and carbonate
electrolyte. (e) Rate performance of the 155S at 0.1 A g-1 based on the mass of sulfur in ether and
carbonate electrolyte. (f) Schematic illustration of the mechanism in ether and carbonate
electrolyte for the sulfur on the surface (155S) and the sulfur in the pore of cathode host (300S).

As learned from the Li-S battery, NaNO3 additive is promising for limiting the shuttle effect
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like LiNO3. We tried three types of solvent, but only TEGDME could dissolve NaNO 3 (Figure
7.10), so we used TEGDME with 1 M NaClO4 sodium salt and 0.2 M NaNO3 additive as our
chosen electrolyte. As shown in Figure 7.11a, the 155S electrode was tested in TEGDME under
the same conditions as our previous test in carbonate ester electrolyte. The high sulfur content
and thick cathode material in each electrode cause poor conductivity and sluggish kinetics, so
that it takes several cycles to activate all of the sulfur. After the sulfur was fully reacted with
sodium a platform above 1.9 V appears in the 10th cycle during discharge. According to previous
studies, this platform corresponds to the production of liquid Na 2Sx (4 < x ≤8).219 As the voltage
drops to around 1.6 V, another platform corresponding to the conversion from liquid Na2Sx to
solid Na2S appeared. According to the CV profile, there are three cathodic peaks at 1.9 V, 1.5 V,
and 1.0 V, respectively. The peak around 1.9 V corresponds to the formation of liquid Na 2Sx,
while the following peak at 1.5 V corresponds to Na2S4, which further splits into Na2S at 1.0
V.220 Compared to carbonate ester electrolyte, the 155S electrode tested in ether electrolyte
shows very specific peaks for each conversion. Regarding the conductivity, the impedance of
155S electrode is reduced from 1140 Ω to 743 Ω in the first 10 cycles, indicating that sulfur is
gradually activated in each cycle. After 15 cycles, the impedance slightly increases to 770 Ω as
nonconductive Na2S was deposited on the sodium foil.
With respect to the cycling performance (Figure 7.11d), the 155S electrode exhibits improved
cyclability with capacity of 483 mAh g-1 in ether electrolyte at 0.1 A g-1, compared to its
counterpart of 279 mAh g-1 in carbonate ester electrolyte, showing the promise of ether
electrolyte for application in the RT Na-S battery. As the current density further increased to 3.0
A g-1 the 155S also delivered a stable capacity of 123 mAh g-1 after 300 cycles (Figure 7.12).

Figure 7.12 Cycle performance of the 155S electrode in TEGDME electrolyte with NaNO 3
additive at the current density of 3.0 A g-1.

Figure 7.13 Cycle performance of the 155S electrode in TEGDME electrolyte with 0.05, 0.1 and

113

0.2 M NaNO3 additive, at the current density of 0.1 A g-1.

Figure 7.14 Cycle performance of (a) the 155S electrodes and (b) the 300S electrodes with S
content of 1 mg cm-2, 2 mg cm-2 and 3 mg cm-2 in TEGDME with NaNO3 additive.
In the first ten cycles, we use low current density of 0.1 A g -1 to activate the cathode materials.
Due to the high sulfur content (~72 wt%), the conductivity of 155S is poor and causes sluggish
kinetics during electro-chemical cycle. Therefore, it requires several cycles at low current density
to activate the whole cathode materials. After 10-cycles activation, we increased the current
density from 0.1 to 3.0 A g-1. Due to the increase of current density, a large number of Na ion
rapidly extracted out from S cathode during charging process. As a result, a lot of extracted Na
ion adsorbed at the cathode electrolyte interface (CEI). However, the concentration of Na ion
remained very low in the electrolyte which was far away from the CEI, causing concentration
polarization. The concentration polarization combined with short period of charging time at high
current density, results that a lot of Na ion cannot go back to Na anode during charging. As a
result, a low specific capacity appears in charging process at high current density of 3.0 A g -1.
The similar condition takes place in discharging process, causing low discharging capacity. The
additive of NaNO3 in TEGDME electrolyte shows an improved cyclability for the 155S
electrode. To further study the impact of the dose of NaNO 3 additive on cycle performance, we
tested the 155S electrodes in TEGDME electrolytes with different dose of NaNO 3 additive.
Under same conditions, the 155S electrodes deliver reversible capacity of 395, 476 and 561 mAh
g-1 in 0.05 M, 0.1 M and 0.2 M NaNO3 additive, respectively, suggesting that reversible capacity
improves along with the increase of NaNO3 (Figure 7.13). The 155S is composed of large
amount of sulfur (72 % S) and dispersed on the surface of carbon host, which inevitably leads to
poor conductivity and sluggish kinetics. With the increase of S content in electrode, the sluggish
kinetics will be more serious. The 155S electrodes with S content of 1 mg cm -2, 2 mg cm-2 and 3
mg cm-2 respectively exhibit 667 mAh g-1, 562 mAh g-1 and 490 mAh g-1 after 40 cycles at the
current density of 0.1 A g-1 (Figure 7.14). During initial several cycles, solvated cation Na +
slowly reacts with surfur from the surface to the core, resulting in the formation of dissolved
polysulfides. As sulfur gradually activated, the accessible capacity is also increased. In
comparison, the 300S is mainly stored in the pore of carbon host with S content of 44 %. The
carbon framework offers high conductivity to S ensuring a stable reaction kinetics for the 300S.
When S content increasing from 1 mg cm-2 and 2 mg cm-2 to 3 mg cm-2, the 300S electrodes
exhibit reversible capacity of 446 mAh g -1, 377 mAh g-1 and 301 mAh g-1 after 40 cycles at the
current density of 0.1 A g-1, respectively. For the 155S, long-chain polysulfides spontaneously
shuttle to Na anode during discharge. Part of the polysulfides react with Na anode resulting in
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Na2S deposit. This process consumes active materials but does not contribute to discharging
capacity. During charge, part of Na2S deposit is oxidized into polysulfides while polysulfides
will shuttle back to cathode under the influence of external forces, which consumes additional
energy and causes high charging capacity resulting in the Coulombic efficiency over 100 %. To
meet the practical expectations, we tried to decrease the electrolyte amount from 20 μL mg s-1 to
4.5 μL mgs-1 (Figure 7.15).

Figure 7.15 Cycle performance of the 155S electrodes with 2 mg cm-2 sulfur, in 20 μL mgs-1 and
4.5 μL mgs-1 TEGDME electrolyte at 0.1 A g-1, respectively.
The 155S electrode delivered reversible capacity of 320 mAh g-1 with 4.5 μL mgs-1 ether
electrolyte compared to the counterpart of 641 mAh g-1 with 20 μL mgs-1. By decreasing the E/S
ratio, the mass and cost of battery cell can effectively reduce. However, the decrease of
electrolyte can also bring up with other issues including poor permeability, low S utilization and
sluggish kinetics. The concentration of dissolved polysulfides increases along with the decrease
of electrolyte amount. As a result, large amount of S species cannot be electrochemically
converted fast enough to keep up with the charging/discharging rate to deliver reversible
capacity, and ‘dead’ S will be accumulated on the electrode surface over cycling. 221 The resulting
‘solid-liquid’ conversion path represents an alternative to the ‘solid-solid’ conversion. Moreover,
the 155S electrode also presents promising rate performance, delivering reversible capacity of
586, 361, and 275 mAh g−1 at current densities of 0.1, 0.5 and 1.0 A g-1, respectively (Figure
7.11e). In contrast, the 300S electrode in ether electrolyte shows similar voltage-capacity profile
as the one in carbonate ester electrolyte (Figure 7.16), emphasizing the same ‘solid-solid’
conversion in ether electrolyte.

Figure 7.16 (a) Voltage-capacity profiles and (b) CV profiles of the 300S electrode in TEGDME
with 1 M NaClO4 and 0.2 M NaNO3 additive. (c) Cycling performance and (d) energy density of
the 300S electrode in TEGDME with 1 M NaClO4 and 0.2 M NaNO3 additive.

115

Figure 7.17 Cycle performance of the 300S electrode in 1.0 M NaClO4 and 0.2 M NaNO3
TEGDME electrolyte with/without 5 wt % FEC additives at the current density of 1.0 A g-1.

However, according to previous study, carbonate ester electrolyte usually delivers higher and
more stable capacity than the ether counterpart, which is related to the formation of SEI layer. 50,
222

Besides, the FEC additive can form a protective SEI layer achieving better cycling

performance (Figure 7.17). These factors make the 300S better performance in carbonate ester
electrolyte than in ether electrolyte. Figure 7.11f summarizes the mechanisms of sulfur on the
surface (155S) and in the pores of cathode host (300S) when worked in ether and carbonate ester
electrolytes, respectively. In the ether electrolyte, the 155S directly reacts with solvated cation
Na+ resulting in dissolved polysulfides (solid-liquid conversion). The 300S is encapsulated in
carbon host and converted into Na2S by ion exchange (solid-solid conversion). In carbonate ester
electrolyte, the surface S in the 155S suffers from severe nucleophilic addition or substitution
reactions between the nucleophilic polysulfide anions and carbonate ester solvent, thus causing a
serious side reaction and rapid capacity fading.223 In contrast, the encapsulated 300S does not
directly contact with carbonate ester solvent, which can deliver superior reversible capacity via
solid-solid conversion.

Figure 7.18 Voltage-capacity profiles for the 155S electrode in TEGDME electrolyte without
NaNO3 additive at current density of 0.1 A g-1.
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Figure 7.19 (a) Cycle performance and (b) rate performance of the 155S in TEGDME with or
without NaNO3 additive based on the mass of sulfur. (c) Energy density of the 155S at 0.1 A g -1
based on the total mass of the electrode (including carbon black and binder).

In the solid-liquid conversion, dissolved polysulfides will spontaneously shuttle to the sodium
anode, however, and turn into nonconductive Na2S, causing serious capacity fading. As shown in
Figure 7.18, the voltage-capacity profile shows that discharging capacity generated from the
voltage above 2.0 V is much lower than the one with NaNO3, indicating that NaNO3 offers
effective confinement of dissolved the polysulfides to prevent the shuttle effect. 50 Without
NaNO3 additive, the 155S electrode only achieves relatively low capacity of 395, 264, and 212
mAh g−1, respectively. When the weight of binder, carbon black, and cathode host is counted in
total mass, the resulting energy density of the 155S (72 % S) electrode reaches 362 and 260 Wh
kg-1 in TEGDME with/without NaNO3 additive (Figure 7.19).

Figure 7.20 (a) Photographs (inset) and UV-vis spectra of 155S and 300S dispersed in ether
electrolyte and stirred with Na metal for 5 min. (b) XPS spectra of the Na metal after cycling
with the 155S electrode in ether electrolyte for 200 cycles for the Cl 2p. (c) XPS spectra of the
Na metal after cycling with the 155S electrode in ether electrolyte for 200 cycles for the O 1s. (d)
XPS spectra of the Na metal after cycling with the 155S electrode in ether electrolyte for 200
cycles for the S 2p regions. (e) SEM images and EDS mappings of the Na metal after 200 cycles
with the 155S in ether electrolyte with NaNO3 additive. (f) SEM images and EDS mappings of
the Na metal after 200 cycles with the 155S in ether electrolyte without NaNO 3 additive.

As shown in Figure 7.20a, we added the 155S and 300S powders into ether electrolyte at the
same ratio of cathode/electrolyte as in the tested battery cell. A small amount of bulk sodium
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metal is dropped into the mixture. These two bottles of with 155S and 300S have the same colour
in the pristine state. After stirring for 5 min in

an Ar-filled glove box, the 155S mixture

turns brown, while the 300S remains transparent. According to the UV-vis spectroscopy, S42- is
detectable from the 155S electrolyte after stirring, whereas, there are no obvious peaks from the
transparent 300S electrolyte.224 This result visualizes the ‘solid-liquid’ and ‘solid-solid’
conversions, in which the sulfur on the surface of the cathode host will dissolve into the
electrolyte after reacts with sodium, while the sulfur stored in the pores of the cathode host will
be trapped in the porous structure, even after reacting with sodium. Since dissolved polysulfides
can spontaneously shuttle to the sodium anode, the side reactions will dramatically reduce the
reversible capacity. The reversible capacity is significantly improved, however, with the addition
of NaNO3, indicating that the shuttle effect is confined. To find out the reason, we performed
XPS on the sodium foil after 200 cycles in ether electrolyte with/without NaNO3 additive. In the
Cl 2p region (Figure 7.20b), Cl 2p 1/2 and Cl 2p3/2 are located at 202.2 eV and 200.6 eV,
respectively.225 The Cl element originated from the NaClO4 sodium salt, and therefore, it is
detectable in both samples. With respect to the O region, there is a Na-Auger peak at 536.9 eV
for two samples.226 A peak for O22- at 532.2 eV is also detected in the two samples.227 Notably, a
new peak situated at 534.1 eV was found in the sample with NaNO 3, which corresponds to O2.227 These new bonds may have potential impact towards confining polysulfide shuttling. In the S
2p region, the peak located at 161.2 eV is corresponding to S 2-.228 Another peak situated at 167.8
eV is in accord with sulfite.229 Obviously, these two peaks in the sample without NaNO3 additive
attains a stronger intensity than in the one with NaNO3 additive, indicating that O2- is promising
to confine the polysulfides and prevent the shuttle effect. SEM images and EDS mappings were
further employed to visualize the confinement of polysulfides. As shown in Figure 7.20e, the
surface of the sodium foil is dotted with evenly dispersed bright particles after cycling in the
electrolyte with NaNO3. According to the EDS mapping, the isolated particles are composed of
Na and S, which should be assigned as Na2S according to the XPS result.230 In the cycling
process, SEI layer is formed on the sodium foil after the 1st discharge. The SEI will be
reconstructed during sodium insertion/extraction. 18-20 Our study shows that the Na-O2 rich SEI
layer is promising to limit the dissolved polysulfides reacting with sodium. And the NaNO3
additive is helpful to form the Na-O2 rich SEI layer on the sodium foil, confining the growth of
Na2S. As a result, the Na2S is isolated in small particles. In comparison, after cycling the sodium
foil without NaNO3 is detected with a thick layer of Na and S. Although a Na-O rich SEI layer is
also formed, it is not evenly dispersed on the sodium foil and hardly preventing the side reactions
between Na and S. Figure 7.20f shows a mass of Na2S deposit on Na anode. During discharge,
long-chain polysulfides freely shuttle and spontaniously react with Na. This process cannot
contribute to discharging capacity but consumes active materials. During charge, part of Na 2S is
oxidized into long-chain polysulfides and the long-chain polysulfides will shuttle back to the
cathode under the influence of external forces. This process causes much more charging capacity
than the counterpart with NaNO3 additive. According to previous study, LiNO3 participated in
the formation of a stable passivation film which can effectively suppress the redox shuttle of the
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dissolved lithium polysulfides on Li anode.223 The NaNO3 additive shares a similar function as
LiNO3 in RT Na-S battery that forms a Na-O2 rich SEI layer to limit the redox shuttle of the
dissolved sodium polysulfides.

7.4. Conclusions
Overall, we have successfully increased sulfur utilization from ~50 % to 72 % via a ‘solidliquid’ conversion in RT Na-S batteries. The mechanisms of two types of sulfur, sulfur in the
pores (300S) and sulfur on the surface (155S) and of the host, have been studied in two typical
nonaqueous electrolytes, respectively. The 300S encapsulated in carbon host does not directly
contact with solvents; thus it performs reversible solid-solid conversion in both ether and
carbonate ester electrolytes. In comparison, the 155S goes through solid-liquid conversion from
S8 to dissolved polysulfides in ether electrolyte but suffers from severe side reactions between
the nucleophilic polysulfide anions and the solvent in carbonate ester electrolyte. Moreover, we
have also investigated the function of NaNO3 additive that forms a Na-O2 rich SEI layer
confining the deposition of Na2S on Na anode in ether electrolyte. As a result, the 155S electrode
not only has high sulfur content (72 %), but also stable cyclability with reversible capacity of
483 mAh g-1 and energy density of 362 Wh kg-1 after 200 cycles. The ‘solid-liquid’ conversion in
ether electrolyte is an effective pathway for sulfur-rich cathode, shedding light on achieving
high-performance cathode for practical application of the RT Na-S battery.
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Chapter 8
8. General Conclusions and Outlook
8.1. General Conclusions
In this doctoral thesis, the recent progress on Li-S and Na-S batteries has been summarized, and
their applications in electrolyte, separator, cathode and SEI were introduced. Four different
MOF-based derivatives are developed to study the functions of separator, cathode, electrolyte
and SEI on Li-S and Na-S batteries. Electrochemical performance and S redox mechanism are
systematically studied. The Co-C polyhedrons were synthesized to modify Li-S separator, while
the Core-shell ZCS@S and Co1-ZnS/C@S cathodes were applied in Na-S batteries. To study the
S redox mechanism in ether and carbonate ester electrolytes, the 155S and 300S cathodes were
proposed to Na-S batteries.
Typically, the Co-C polyhedrons are synthesized through the vacuum-filtration strategy,
conductive and porous materials can form a condensed layer on a separator, which can
significantly decrease the pore volume of the separator from 200 to 300 to 2.2-10 nm. By virtue
of the high Li-ion transfer, good electrolyte permeation and high polysulfide entrapment of the
modified Co-C@separator, S cathode exhibits superior electrochemical performance from the
aspects of outstanding cycling stability and high rate capability. This approach holds great
promise for the general interception strategy involving various porous materials for separator
modification to improve the performance of S cathodes in lithium-sulfur batteries.
The Core-shell ZCS@S exhibits cycling stability (570 mAh g−1, 1000 cycles at 0.2 A g−1),
outstanding rate performance (250 mAh g−1, 2000 cycles at 1.0 A g−1), and high energy density
of 384 Wh kg−1. This core−shell structure buffers the volume changes in the inner cores during
cycling, while the outside carbon shells improve the conductivity and alleviate polysulfides
migration as well. It is worth noting that the multisulfiphilic sites combining with ZnS and CoS 2
exhibit unexpected electrocatalysis. With their multifunctional catalysis, the energy barrier of
Na2S oxidation reduces, while the immigration of polysulfides is greatly restricted. Specifically,
the carbon shell encloses S sites, and CoS2 provides a strong adsorption affinity toward
polysulfide, improving the immobilization of polysulfides and accessible capacity during
discharging. Meanwhile, ZnS is favourable for decreasing the charging energy barrier, thus
improving the Coulombic efficiency. Significantly, this work studies the chemical changes of
NaPSs via in-situ XRD, providing an innovative cathode design for application in RT-Na/S
batteries.
The Co1-ZnS/C@S features high surface area (1012 m2 g−1), a small particle size but well
dispersion of ZnS quantum dot (~10 nm), and conductive atomic Co doping. In situ synchrotron
XRD, in situ TEM, and XAS results confirm that the hierarchical microparticles coupled with the
effective ZnS quantum dots and conductive single-atom Co1, which simultaneously endowed the
Co1-ZnS/C@S cathode with outstanding reversible capacity and long lifespan. Significantly, the
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soluble NaPSs can be strongly adsorbed and predominantly catalyzed on the polar surfaces of the
ZnS quantum dots while conductive Co1 atom catalyzing the transition of non-conductive Na2S
during charge. Therefore, Co1-ZnS/C@S undergoes a fast sodiation process to form Na 2S2
intermediate with low diffusion barriers and to subsequently transform it into the final discharge
product, Na2S, preventing the active material from dissolving in the carbonate electrolyte.
Consequently, the S cathode achieves much enhanced Na-storage properties, in terms of high
accessible capacity (640 mAh g-1 after 500 cycles), long cycling lifespan, and excellent energy
density (541 Wh kg-1). Besides, this work visualizes the solid-solid conversion between solid S
and solid Na2S via in-situ TEM test.
In the fourth work, we have successfully increased sulfur utilization from ~50 % to 72 % via a
solid-liquid conversion in Na-S batteries. The mechanisms of two types of sulfur, sulfur in the
pores (300S) and sulfur on the surface (155S) and of the host, have been studied in two typical
nonaqueous electrolytes, respectively. The 300S encapsulated in carbon host does not directly
contact with solvents; thus it performs reversible solid-solid conversion in both ether and
carbonate ester electrolytes. In comparison, the 155S goes through solid-liquid conversion from
S8 to dissolved polysulfides in ether electrolyte but suffers from severe side reactions between
the nucleophilic polysulfide anions and the solvent in carbonate ester electrolyte. Moreover, we
have also investigated the function of NaNO3 additive that forms a Na-O2 rich SEI layer
confining the deposition of Na2S on Na anode in ether electrolyte. As a result, the 155S electrode
not only has high sulfur content (72 %), but also stable cyclability with reversible capacity of
483 mAh g-1 and energy density of 362 Wh kg-1 after 200 cycles. The solid-liquid conversion in
ether electrolyte is an effective pathway for sulfur-rich cathode, shedding light on achieving
high-performance cathode for practical application of the Na-S batteries.

8.2. Outlook
As for future development, explorations of electrolyte species, designs of conductive C/S
cathodes, strategies for Na anode protection, and studies of SEI/CEI layers are very important for
Li-S and Na-S batteries. In summary, recent studies of Li-S and Na-S batteries have witnessed
tremendous progress towards achieving high capacity and improving cycling performances on
the basis of solid-solid or solid-liquid conversion. These two conversions dominate the S redox
reactions in different C/S cathodes and electrolytes. To achieve practical applications, Li-S and
Na-S batteries require high S utilization and reduced weight of the electrolyte, enabling them to
achieve high energy density and low cost. Therefore, development from liquid to hybrid and allsolid-state electrolytes is indispensable, which not only decreases the mass of electrolyte, but
also improves safety. Decreasing the amount of liquid electrolyte will definitely give rise to
problems, however, including poor infiltration, low ionic conductivity, and unstably interfacial
contact. To overcome these disadvantages, more basic research and technological development
are needed to understand the electrochemical behaviour of S species under low E/S conditions.
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